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The chemistry of pectins has been comprehensively 
covered in reviews by Kertesz (1) and Doesburg (2). Pectins 
are present, to varying extents, in most plant tissues. The 
main commercial source is the white spongy albedo of citrus 
fruits, lemon and lime being the best. Dry apple pomace,a 
by-product in the manufacture of apple u c cider, and vinegar, 
is also a very good source. 
Hirst and Jones (3) were the first workers to define 
pectin. They studied the properties of pectin extracted from 
apple pomace, and accumulated evidence in favour of the view 
that this was a mixture containing araban, galactan, and the 
methyl ester of pectic acid. The pectic acid was composed 
mainly, if not entirely, of anhydro-galacturonic acid residues. 
These workers also observed (4) that pectins derived from 
sugar-beet, citrus fruit, peanut and apple were all similar, 
though quantitative differences in composition remained. 
The term pectin has thus been used to designate those 
water soluble extracts or pectinic acids, of varying methyl 
ester content, and degree of neutralisation, which are 
capable of forming gels with sugar and acid. 
The basic skeleton of a pectin molecule would appear 
to be composed of ct-D-galacturonic acid residues, linked 1:4 
with glycosidic linkages (see Fig. 1.1). 
The galacturofliC acid unit is further thought to be 
in the Cl conformation (see Fig. 1.2). The number of 
galacturonic acid units present (the degree of polymerisatiofl) 
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was first determi'flei I by Morell, Baur and Link (5). 	They 
shóièd a minimum of 8-10 units, and because their samples 
had been heated for a very]ong time with acid, it would be 
safe to assume that there would normally be considerably more. 
The results of Owens et al. (6) indicated that pectins 
were rigid rod-like structures in aqueous salt eolutions. They 
made viscosity and osmotic pressure measurements on a series of 
pectinic acids, and the length to diameter ratios calculated 
from the intrinsic viscosities, by means of the Simha (7) 
equation, gave values from 53 to 165 (width iol, lengths 530-
16501). Sverborn (8) also calculated similar length to 
breadth ratios (lengths 1000-40001, width 7-101) from measure-
ments of viscosity, flow birefringence, and sedimentation and 
diffusion constants. 
These values for molecular width and length should be 
treated with caution, because the imha equation was derived 
for non-ionised macromolecules, and so would not necessarily 
be suitable for pectin. 
The most recent studies on the conformation of the 
cL-14galacturonic acid chain, have been summarised by Rees (9). 
The conformation can be predicted by systematically exploring 
the torsion angles of the glycosidic link (Fig. 1.3) by means 
of a computer. 
The method is to step the variables through small 
increments, for all possibilities, to find the conformation 
that is most stable, or fits the experimental evidence best. 
The conformation predicted for a a-1: 4 galacturonic acid chain 
is extended, and ribbon-like (Fig. 1.4). 
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The chemical composition of pectins differ from that 
of polygalacturonic acid in several ways. Firstly, there 
are varying proportions of methyl ester groups. These 
variations are caused mainly by the following two factors. 
Eirstly, the natural variations in the methyl ester content 
of the pectic substances that occur in nature, and secondly, 
the change in degree of methylation which occurs during 
extraction, purification, and preparation. 
Acetyl groups have also been shown to be present in 
beet pectins, but have only been detected in small amounts in 
other types. 
The structure of the pectin molecule becomes even more 
complicated than that of polygalacturonic acid, as there are 
several types of neutral sugars present. Of these neutral 
sugars,nly rhanmose is thought to be present in the main 
chain of a-]D-galacturonic acid residues. The remaining neutral 
sugars are then thought to be linked to these rhamnose units. 
Barrett and Northcote (10) showed that laboratory 
extracted pectic substances of apple were separated into a 
pectinic acid, and a neutral arabinan/galactan complex, by 
precipitation of the acidic component with ethanol and cetyl-
pyridinium chloride. The pectixiic acid contained galacturonic 
acid, arabinose, galactose, rhamnose, xylose, fuose (trace), 
plus 2_O_methylxylOse and 2-0-methyl fucose (very small traces). 
Pectins are unusual carbohydrates in that they are 
readily degraded in hot neutral solution by a transelimination 
reaction. By this procedure, Barrett and Northcote showed 
that the pectinic acid gave rise to two components completely 
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separable by zone electrophoresis, and sephadex gel filtration. 
Analysis of these components confirmed that the pectinic acid 
molecules contained long chains of esterified galacturonosyl 
residues, but shewed, in addition, that more neutral portions 
containing a high proportion of arabinofuranose residues were 
attached to them. The indentification of rhamnose, galactose 
and xyloae in aldobioonic acid, obtained from a partial 
hyd.rolyzate of pectinic acid, has shown that these sugars are 
covalently linked in the molecule, and the authors suggested 
that the galacturonosyl-(].-+2)-rhamnose link is a general 
feature of pectinic acid structure. The implication of inserting 
a single -rhamnose residue, linked through its 2 position into 
a a-1,4-galacturonic acid chain, is to cause a kinking effect 
(Reference 9, D.A. Rees, p. 266). 
Gel filtration of the product of methanolysis of the 
pectinic acid showed it to be polydisperse, with an average 
molecular weight below lO4 . Boundary electrophoresis and 
analytical ultracentrifugation on the neutral arabinan/galactan 
complex, revealed the presence of at least two components. 
Sephadex-gel filtration gave an apparent molecular weight of 
2 x lO or more without fractionation. This would suggest 
that if two components were present, then both must have high 
molecular weights. However the authors suggest that it may 
be possible that the molecular size could be caused by 
aggregation of smaller distinct molecular species. 
There are two points to note regarding this work. 
Firstly, the pectin was extracted in the laboratory, and may 
differ from a commercial pectin. The differences that could 
occur, include the length of time the fruit was boiled, the pH 
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of the solution, and the methods of filtration and drying. 
Any variation in these would produce pectins with different 
compositions. Secondly, there is the possibility that the 
separation into a pectinic acid, and a neutral arabinan/ 
galactan complex, had not been carried out completely. 
It must also be noted that the above molecular weight 
values are only speculative, as the method of Sephadex-gel 
filtration gives absolute values only if the column is 
calibrated with similar molecules. 
The structure and chemical composition of pectins are 
further complicated by the presence of various cations. These 
are present in varying proportions (0.2%-11.0%). The main 
cations found are, calcium, potassium, magnesium, and to a 
lesser extent, iron, aluminium, chromium, copper, sodium, 
barium, silicon and phosphorus. There are some others, e.g., 
manganese, but they are only present in very small proportions.) 
Cations cause several effects on the pectin solutions. 
They will neutra].ise negative charges on the carboxyl groups, 
and therefore must be removed when the degree of methy].ation 
is determined. Also since some of these cations are poly- 
valent, they may link pectin molecules, thus forming aggregates, 
and affecting molecular weight determinations. 
The presence of the COOM groups on the cL-D-galacturonic 
acid residues means that in solution, the pectin molecules will 
be charged, i.e., they will act as polyelectrolytes. The 
choice of solvent is important in such cases, because of the 
effect the charges have on physical measurements (see Tanford 
reference U). 
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If water is used as a solvent for pectin, the COOH 
groups will ionise in solution, and the negative charges will 
repel one another, within the molecule, and between molecules. 
The result is that the ionised pectin molecule should be more 
expanded than the uncharged molecule. This expansion will 
effect viscosity, light scattering, rate of sedimentation, and 
flow birefringe measurements, i.e., measurements of physical 
properties sensitive to configuration. 
On dilution of such a pectin solution with water, the 
pH and the ionic strength of the solution will vary. 
The pH varies because more COOH groups lonise with 
dilution. This will mean an increase in the negative charges 
on the pectin molecule, and therefore repulsion between such 
charges. In order to keep the number of ionised COOH groups 
the same, (i.e., keep the pH the same), buffer salts were added. 
The buffer salts used in this work were 0.025M K H2PO4 and 
0.025M Na2 HPO4. 
Also, if water is used to dilute a pectin solution, the 
ionic strength will decrease with decreasing pectin concen-
tration 
Consider the effect this will have on viscosity results. 
The value of isp/c will decrease with increase in concentration, 
because of the increase in the ionic strength. This is 
contrary to the expected rise in sp/c, with increasing con-
centration. Obviously a change in ionic strength would also 
affect other physIcal propertIes. 
To avoid the decrease in ionic strength which 
accompanies dilution, the pectin Is not diluted with pure 
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water, but with a salt solution. In this work 0.2M NaCl 
was used. This 0.2M NaCl also stops the repulsion between 
the negative charges of neighbouring pectin molecules. 
Therefore, the composition of the buffer used for 
preparing pectin solutions and diluting them was, 0.025M 
K H2PO4, 0.025M Na2HPO4 and 0.2N NaCl. 
Nearly all important.properties, especially mechanical 
characteristics of high polymers which are of great practical 
importance, depend on the molecular weight. The determination 
of molecular weights for pectin is therefore highly relevant. 
Unfortunately such measurements are not very extensive, 
except for Sverborn (8). 
The early figures for molecular weights have been 
obtained by calculations based on chemical analyses of pectins. 
Molecular weights of the magnitude 2,000 and 1,900 respectively 
can be calculated from the formulae proposed by Fellenberg (12) 
and by Myers and Baker (13). These formulae are over- 
simplified compared with an actual pectin molecule and there- 
fore do not give a true molecular weight. 
Cryoscopic determinations were carried out by Ehrlich 
and Schubert (14), and by Morell, Baer and Link (5), and in 
both cases values of approximately 19300 were obtained. How-
ever it has been stated by later workers that the materials 
investigated must have been fragments of pectin. In the case 
of Ehrlich and Schuberts' work, the pectin samples must have 
been subjected to extensive degradation before the molecular 
weights were determined. 
Several attempts were made to determine the number 
average molecular weight of pectins by measurement of the 
number of reducing end groups. Average degrees of poly-
merisation of 13 to 40 anhydrogalacturoniC acid units were 
obtained, corresponding to approximate molecular weights in 
the range 2500 to 7500. These values seem very doubtful, 
when the ones found by physical measurements are considered. 
Most weight average molecular weights of pectins, in 
aqueous systems, have been determined using the Analytical 
Ultracentrifuge (15). Svedberg and Gralen (16) obtained 
molecular weights ranging from 16 9 000 to 50,000, for pectins 
in unpurified extracts from apples, pears, plums, lily bulbs 
and orange albedo, but the majority of the published results 
have been obtained by Sverborn (8). He used two different 
techniques - sedimentation equilibrium and sedimentation 
velocity/diffusion. The former gave an absolute measure of 
the weight average molecular weight, but the time to reach 
equilibrium was approximately 10-12 days, and in this time, 
the speed and temperature of the centrifuge must be held 
within very fine tolerances. It is very difficult to estimate 
how well, by present standards, these conditions were met. 
Also within this period the pectin material must not change in 
any way, i.e., no degradation must take place. It is highly 
unlikely that this condition was met. 
The second method involves the separate determination 
of both the sedimentation coefficient, S, and the diffusion 
coefficient, D, as a functIon of pectin concentration. If 
pectin is a highly asymmetric particle in solution, then S 
and I) will vary sharply with concentration, and only approximate 
values of S0 and D0 (i.e., S and D as C -+ zero) will be 
available for the calculation of molecular weight. In a 
polydisperse system, the average molecular weight found by 
this procedure is usually written as Fsed., as it is none of 
the usual averages such as Mn or Mw, but a more complex 
average, which can vary with the pattern of the distribution 
of molecular weights. It is therefore not surprising that 
Sverborn found considerable differences between Nand iised. 
Values for Rsed ranged from 50,000 to 90,000 for pectins 
extracted by acid, and up to 200,000 for water extracted 
pectins. 
Sverborn applied Sta.idinger's equation in the form 
= K Ised (where r = intrinsic viscosity), and obtained K 
values for pectins from various sources. These values did 
not agree, and if an average K value of the magnitude 10.10 
is taken, only a rough estimate of the average molecular 
weight of pectins can be obtained from viscosity measurements. 
In practical terms this relationship can only be very 
approximate, when the difficulties of determining Msed are 
considered. From a theoretical point of view this choice of 
K is unfortunate, except for use with well fractionated 
samples. In fact, this value of K has been widely used in 
pectin research, (e.g. by Owens et al. (17)), as a means of 
obtaining 	for whole pectins, from r. Strictly speaking 
only Msed can be found in this way, and then only for poly-
disperse pectin samples which resemble, in distribution of 
molecular weights, those used by Sdverborn. 
Due to the complicated structure of pectin, and the 
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difficulties arising from its polyelectrolyte nature, some 
workers tried to avoid the problem by making derivatives 
soluble in non-ionic solvents, such as acetone. Probable 
values for the molecular size of the pectins, from apple and 
sugar beet, were obtained for the first time by Schneider 
and co-workers (18) and (19), from their osmotic measurements 
on nitro pectin in acetone. Values of the order of 20,000-
200000 were obtained, which agree with Sverborn's work. 
Unfortunately there are few details of this work available. 
Speiser and Eddy (20) determined the intrinsic 
viscosities of a number of samples of pectin nitrate, and 
their molecular weights were calculated using the Stau.dinger 
equation (21). K (5.8 x 10) being derived from the work 
of Sôhneider et al., who used pectins prepared from sugar beet.. 
The resultant molecular weights of the nitrate were called 
0bs.f. The nitrated samples were then divided into several 
fractions, by precipitation from acetone solution with toluene. 
Molecular weights were calculated from (ii), for each of the 
fractions. Theoretical weight and number average molecular 
weights for the complete samples were then calculated, and 
were called Ca1cJw and CalcJin respectively. The Ca1c. 
values ranged from 84,000-130,000, and the Calc. in values 
were from 57,000-77,000. The values of 0bs.i; agreed quite 
well with CalcJt. It should be noted that Speiser and Eddy 
did not attempt any absolute determinations of molecular weight. 
Owens. Miers and Maclay (17) studied pectin propionates, 
and determined absolute molecular weights using osmometry. 
ri and fn were measured In acetone, then each sample was 
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separated into fractions, and qi and iin re-determined. Values 
of K, the constant in the Standinger equation, were calculated 
for each set of fractions, from qi and pin. The values of 
1visc.ere calculated from qi, for the unfractionated sample 
of the derivative, and the corresponding K. 	ivisc. values 
were in the range 33 9 000 to 120,000, and iin (observed) values 
were from 30,000 to 95 9 000. 
These determinations on pectin derivatives have been 
based on several weak assumptions. It was assumed that; 
when the pectin derivatives were being prepared, no degradation 
took place; the fractions were homogeneous; the Staudinger 
equation held for these pectins; and, in the case of Speiser 
and Eddy's work, the K value calculated by Schneider et aL, 
could be used for their pectin samples. 
It is clear, from this brief survey, that there have 
been very few useful determinations of molecular weights for 
pectins. Sverborn's work with the ultracentrifuge is the 
only investigation to be seriously considered and certainly 
gave absolute molecular weights for the samples then available, 
but the techniques were not very well advanced. Molecular 
weights derived from viscosity work are difficult to assess 
as the relationship of viscosity to molecular weight has not 
been properly established. 
The main object of the present investigation, there-
fore, is to determine number aerage (Iin), and weight average 
(Mn) molecular weights for several pectin samples in aqueous 
solution, using the most modern techniques. From these 
results information can be obtained regarding the polydispersity 
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of the pectin molecule. It is strange that this has not 
been done previously, as the original evidence for the poly-
clispersity of pectins was first given by 1'1eh1itz (22) in 1927 9  
when he succeeded, by means of ultra-filtration, in separating 
particles of different sizes. 
Intrinsic viscosities also are determined for the 
samples, and the relationship with molecular weight examined. 
All the determinations were carried out on whole 
pectin samples of commercial origin. It was not considered 
worthwhile, at this stage, to attempt to separate, and study, 
the chemically distinct components of each pectin that will 
be present, if Barrett and Northcote's findings apply 
generally to the highly purified pectins of commerce. 
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CHAPTER 2 
SECTION a. 	ULTRACENTRIFUGATION 
The technique of using centrifugal fields for the 
study of macromolecules and colloidal particles was first 
used by Svedberg and Nichols (23). The development of this 
technique, and its application to polymers, has been discussed 
by Svedberg and Pederson (15), and more recently by 
Schachman (24). 
In this investigation the ultracentrifuge was used in 
two ways, to study pectin samples. Firstly, the velocity 
of movement of a pectin solution under the influence of a 
centrifugal field was measured (sedimentation velocity method), 
and secondly, the distribution of the pectin molecules in a 
centrifuge cell, which was rotating at comparatively low 
speeds, was determined (sedimentation equilibrium method). 
In the latter case, after a fixed period of time, an equilibrium 
state was established in which the concentration of pectin 
at each level in the cell no longer varied with time. 
In a sedimentation velocity experiment, the ultra-
centrifuge rotØr is operated at speeds up to 40,000 rpm so 
that the solute molecules, which initially are uniformly 
distributed throughout the solution in the ultracentrifuge 
cell, settle at appreciab1e rates towards the periphery, of 
the cell. This migration of the solute molecules leaves a 
region containing only solvent molecules, and a region at 
the bottom of the cell where the solute molecules accumulate, 
in addition to the region in the cell where the concentration 
is uniform. Between the sup ernatant and the solution of 
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uniform concentration, known as the "plateau region", there 
is a transition zone in which the concentration varies with 
distance from the axis of rotation. This transition zone 
is called the boundary, and the sedimentation velocity 
method is generally based on observations, by optical methods, 
of the movement of such boundaries, which in turn are a 
measure of the movement of the solute molecules in the region 
of uniform concentration (Fig. 26' and Fig. 26 11 ). 	Thus the 
sedimentation velocity method is basically a transport 
method; the parameter used to describe the transport of 
molecules is called the "sedimentation coefficient"(S). It 
is simply a measure of the velocity of sedimenting molecules 
per unit field. Although the rate of particle movement is 
a function of molecular weight (as well as particle size and 
shape), a sedimentation velocity measurement of itself cannot 
yield molecular weight, unless it is related to data such as 
the diffusion coefficient. Fig. 2A shows the concentration 
gradient (or change in refractive index) as a function of 
distance in the centrifuge cell during a sedimentation 
velocity experiment. 
The sedimentation equilibrium method provides a direct 
approach to molecular weights, because it eliminates the 
need for data such as the diffusion coefficient. With the 
sedimentation equilibrium method, the ultracentrifuge is 
operated at relatively slow speeds, and for long times, with 
the result that at any chosen point in the cell the movement 
of solute in a centrifugal direction is eventually exactly 
counterbalanced by diffusive movement in a centripetal 
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direction (or, in other words, the effects of sedimentation 
and diffusion cancel each other out). Initially, sedi-
mentation causes a decrease in concentration at the meniscus, 
and an increase in concentration at the bottom of the cell. 
IXie to diffusion, concentration remains finite at the 
meniscus as long as a low speed is maintained, and unlike the 
sedimentation velocity run, a region containing only solvent 
is not created. Ideally, conditions in an equilibrium run 
are so maintained that the concentration at the meniscus 
will approach a value approximately half its original 
value. The sedimentation and back-diffusion near the cell 
bottom, on the other hand, then create a concentration 
approximately twice the original value. As the run proceeds, 
the plateau region disappears, and only the concentration 
near the centre of the cell remains equal to the initial 
concentration. After a considerable period of time, an 
equilibrium state is reached, and no further changes in 
concentration occur. These variations in concentration with 
distance as a function of time are shown in Fig. 2B 1 , and 
the corresponding gradient curves are illustrated in 
Fig. 2B". 
The instrument used was a Spinco Model E Analytical 
Ultracentrifuge. The operation and recommended procedures 
for the techniques used, are covered quite thoroughly by 
Chervenka (25) and 'The Instruction Manual' (Beckman)(26). 
Schliern Optics were used for each technique and the 
temperature was controlled using a Rotor Temperature 
Indicator Control (R.T.I.C.). 
FVff . 2C' 
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The sedimentation coefficient, S, is the rate of 
movement of the macromolecules per unit force field, i.e. 
S = 	
= 2.303 ( d log x 
dt 	 dt 
where w = angular velocity in radians per second 
x = radial distance (cm) from the centre of rotation 
to the highest point of the schleren peak. 
t = time (minutes). 
The sedimentation coefficient usually depends on the 
concentration of the sedimenting material, c, and hence 
S-values have to be extrapolated to infinite dilution. 
Sedimentation coefficients at infinite dilution (So) were 
found from plots of S 1 against c, where 
S = So  1+ kc (see Graln (27)). 
Ic is a constant, and S is the sedimentation coefficient 
at the concentration c. 
Procedure 
A 12 mm double secto cell with sIbblieren window 
holders, quartz windows, and with an aluminium filled Epon 
centrepiece, was used. The cell was tighterid to approxi-
mately 140 inch-pounds, using a torque wrench. Approximately 
0.45 ml of a pectin solution was placed in the right hand 
sector and slightly more, 0.46 ml, of the buffer was placed 
in the left hand sector of the cell. An An-D rotor was used, 
and the cell and counterbalance were carefully aligned. 
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The rotor was run at 39460 rpm and 5 photographs were 
taken normally over a period of 90 minutes, the first being 
taken after approximately 30 minutes. The temperature was 
controlled at 20
0C. A micro-comparator was used to measure 
the absolute distance of the boundaries from the axis of 
rotation (x cm). S values were calculated from the gradient 
of the line of the log x against time plot. S values at 
several concentrations were measured through a dilution 
series to yield the So value. 
Molecular weights can be calculated using So values. 
So is related to the molecular weight (N) of the material 
by Svedberg's equation, 
RT So 
M = (1-'p)Do 
where R = gas constant, 	T = absolute temperature, 
Do = diffusion coefficient at infinite dilution, 
V = partial specific volume of the solute 
p = density of the solution at the distance x from 
the centre of rotation. 
Because of the difficulty of obtaining Do, and the 
fact that the molecular weight obtained corresponds to none 
of the usual averages, this method was only used to a very 
limited extent in this thesis (see Chapter 3). 
Sedimentation-Equilibrium 
In contrast to the sedimentatiOfl-VeldcitY method, 
measurement of the concentration distribution at sedimentation 
equilibrium gives directly the molecular weight of the sedi-
inenting material. Despite the fact that molecular weights 
Im 
could be obtained by this method, very few were calculated 
until the late 1950s and early 1960 1 s. The reasons for this 
were the lack of apparatus capable of sustained, continuous 
use for the long periods required before equilibrium is 
reached, and because many proteins and polymers are not 
sufficiently stable to withstand such experiments. 
The advantages of this technique are; the thermo-
dynamic basis is quite secure; a broad range of molecular 
weights can be determined; and it requires only small amounts 
of material. 
Short-Column Method 
In 1958, Van Holde and Baldwin (28) proposed the use 
of short columns of solution (i.e. small distances between 
meniscus and base), to reduce the time required to only a 
few hours, thus eliminating the main disadvantage of the 
method, which existed prior to this work. In experiments 
with ribonuclease in 3 mm high columns of solution, they 
found complete equilibrium in 14 hours, and calculated values 
in excellent agreement with the known molecular weight. They 
also studied sucrose in both 3 mm. and 1 mm columns. The 
values obtained for the molecular weight of sucrose in the 
3 mm columns were in good agreement with theory, but they 
observed a small systematic error in the 1 mm columns. 
The principle behind this development of the technique 
is that the time required to attain equilibrium is inversely 
proportional to the square of the column height, and there-
fore a decrease in column height will result in equilibrium 
times of hours, not days. 
IT 
Yphantis (29) repeated and extended the experiments 
of Van Holde and Baldwin. He used shorter columns (as low 
as 0.7 mm) and calculated molecular weights for sucrose, 
bovine ribonuclease and 0 lactoglobulin. 
The materials examined using this technique have 
included oligopeptides, antibiotic polypeptides, various 
proteins such as insulin, ribonuclease, pepsin and albumins, 
and soluble ribonucleiC acids. It was therefore reasonable 
to extend this work to much larger molecules, in this case 
pectiris, to see whether or not molecular weights could be 
obtained. 
Theory 
The differential equation for sedimentation equilibrium 
of a two component system, taking into account concentration 
but not pressure dependence, is 
1 dc - tM(l-p) 
rc 	' 	RT(l+c) 
where r = distance from the centre of rotation; 
c = concentratiofl 	= angular velocity; 
M = Molecular Weight, 
= partial specific volume of the solute; 
y = activity coefficient of the solute on the c scale; 
p = density of the solution at a distance x from 
the centre of rotation; 
R = gas constant; T = absolute temperature. 
If ideal behaviour is assumed, 
1 	dc - (0M(l-vp) 
rc dr - 	R.T. 
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Therefore if the position in the cell, where the 
concentration is equal to the original concentration %were 
dc known, the concentration gradient (; at this point could 
be determined, and the above equation evaluated for M. 
Van Holde and Baldwin showed that if very short 
columns were used (1 mm), then this point corresponds closely 
to the mid-point of the column. Here the concentration is 
within 156 of the initial concentration if H < 0.25, where 
H = M(l-p)(b2 -a2 )/4R T. 
In this equation, R is the gas constant, T the absolute 
temperature, M the molecular weight of the material, the 
partial specific volume of the solute, p the density of the 
solvent, a and b the distances from the centre of rotation 
to the meniscus and to the base of the solution respectively, 
andj61the speed which will give H a value less than 0.25. 
A mthlecular weight can therefore be determined by this 
method, if the initial concentration and the concentration 
gradient at the mid-point, are found for a solution. 
The disadvantages of this procedure are that a 
separate run is required to determine è c  (which is proportional 
to the initial solute concentration), only a single value for 
molecular weight is obtained, and the results with a short 
column are less accurate, the precision of the method being 
around 3% 9 as compared with 1% for a long column. 
Experimental Procedure 
Sample and cell - A 30 mm double-sector cell with 
window holders, quartz windows, and with an aluminium- 
a 
filled Epon double-Sector centrepiece was used. The cell 
was again torqued to 140 inch-pounds. 0.025 mis of Fc-43 
fluorocarbon oil was placed in the right hand sector of the 
cell, followed by 0.075 ml of sample solution. 
0.125 ml 
of buffer were then placed in the left hand sector. This 
procedure gave a liquid column of approximatelY 1 mm. The 
menisci in the two sectors must be clearly separated 
(Fig. 2D). An An-J rotor was used and the temperature 
was 20°C. 
Run conditions - The speed of the run was determined 
from Chervenka's 'Manual of Methods' (259 p.45). Using an 
approximate molecular weight of 80,000, the Manual suggests 
an operating speed of approxiinate]Y 13 9 500 rpm. A speed 
of 12590 rpm was used. This value was used in Chapter 3 
(Preliminary investigations), but was changed after further 
consideration of the theory proposed by Van Holde and 
Baldwin (28). The concentration at the mid-point is within 
1% of the initial concentration only if H < 0.25, 
where H = M(l_vp)(b2 _0)/4RT. 	
RT 
From this equation, ' = 	- p) (b - a) 
using H = 0.245 9 R = 8.3x107 9 T = 29K 
and for a pectin, M = 83 9 000, Trp = 0.63, b = 7.20, a = 7.10. 
.'. 	0.75 x 10 rad/sec 
= 7,200 rpm. 
Therefore under these conditions a speed of 7 9 200 rpm 
would give a 1 mm column a hinge point within 0.002 mm of 
the mid-point. 
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For the remainder of the Ultracentrifuge work, 
(apart from Chapter 3), the speed used was 7447 rpm. (Note 
this speed is approximately 6000 rpm lower than that 
estimated using Fig. 9 in Chervenka's "Manual of Methods"). 
Photographs of these runs were normally taken after 
approximately 15 hours (overnight). After this period it 
was assumed that equLibrium was established for all the 
solution used (see Chapter 5). 
Calculation of Results - An equilibrium plate was 
aligned in the comparator (see Fig. 2D). The radial mid-
point of the image of the sample fluid column, as the point 
half way between the upper sample-air meniscus and the lower 
sample-oil meniscus was located, and the radial distance, r, 
to this point was determined. At this point, the vertical 
distance between the centre of the sample pattern and the 
centre of the baseline in centimeters was determined, this 
is ( mid). Normally five photographs were taken for each 
solution, and r mid (average) and 	mid (average) values dr 
were calculated. 
The calculation of 	(proportional to the initial 
solute concentration) is now required before the apparent 
molecular weight can be determined. 
In any boundary experiment, the area under the 
schlieren peak is proportional to the concentration chwge 
across the boundary. Thus the concentration of a solution 
can be determined by measuring the area under the peak. 
Two types of cells were used for this work. In 
Chapter 3 the area under the peak was determined in an 
ordinary sedimentation velocity run (see this chapter).. This 
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procedure has disadvantages, in that a correction must be 
made for radial dilution, and the centrifuge must be run 
a relatively long time at a high speed (39460 rpm), to clear 
the boundary completely from the meniscus region. In 
Chapters 4 and 5 a synthetic boundary cell was used as 
described in "The Instruction Manual" (26, p.2.11). In 
this case complete free boundaries are formed almost 
immediately, and low speeds can be used. Thus the 
correction for radial dilution is minimised, and runs of 
only a few minutes duration are required. 
Procedure 
Sample and cell - A 12 mm double-sector cell with a 
double sector-capillary synthetic boundary centrepiece was 
used. This filled-Epon centrepiece was similar to the double 
sector centrepiece, except that it had two capillaries that 
connects the sectors. One sector was filled with solution 
to just below the lower capillary, and the other filled with 
solvent. Under centrifugal force, the solvent began to 
drain into the solute sector, and air seeped into the 
solvent sector through the upper capillary to equalize the 
pressure. The result was a sharp boundary. 
Run Conditions - An An-D rotor was used at 7447 rpm 
and 200C. Five photographs were taken for each solution 
as soon as the boundary had formed. A typical photograph 
of a synthetic boundary experiment is shown in Fig. 2E. 
Calculation of results - For each photograph the area 
under the peak was calculated. This was done using a 
rectangular approximation method (see Fig. 2F). The baseline 
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was divided into ten equal parts (taken approximately as 
rectangles) and the heights at the mid-point of each 
rectangle, from the centre of the baseline to the centre 
of the image, were recorded (these heights are equal to dc dr 
The area was found from, 
Area (c0 ) = 
sum of the Distance between the mid-p 
heights 	 Magnification Fac 
Because a 12 mm cell was used here, and a 30 mm cell 
was used to determine r mid and odrC 9 the area was multiplied 
by a factor 2.5. 
The area was calculated for each photograph and an 
average value found (c 0 average). 
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SECTION b. 	PYKNOMETRY 
In determining the molecular weight of pectin by 
ultracentrifuge methods it is necessary to have, besides 
the ultracentrifuge data, the values for the quantity (l-p). 
is the partial specific volume of the dissolved pectin, and 
its physical equivalent is the increase in volume that occurs, 
when 1 gram of solute is added to a large volume of solution. 
It may be thought of as a measure of the reoiprocal of the 
buoyant density of the solvated pectin. 	piis the density 
of the solution at the distance x from the centre of rotation. 
The theory for the partial specific volume is covered 
by Svedberg and Pedersen (15). 
If V) is the volume of the solution containing 91992...  
gk grams of components 1, 2 9 ..., Ic, then in general (Lewis 
and Randall (52)), 
= 
The partial specific volume 	of component ii is 
defined by 
and the specific volume of the solution is given by 
(919 92 , . . . , g) 
For a binary solution, the composition can be expressed 
in terms of weight fractions 
9291 W] = g1+g2 and w2 - 
and the partial specific vo.ume of component 1 9 for which 
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the molecular weight is desired, becomes (Lewis and Randall) 
- 	 dv vi = V + W2 
Since partial specific volume determinations are made 
using the pyknometer method, the equation for the partial 
specific volume can be expressed in terms of the mass in of 
the liquid in the pyknometer of volume V. That is 
	
V 0 dv 	Vdm 0 V 	 9 
- [ iW 	dml] and 	= v(l 	in dw1 
1p) 	in 
____ 	din = . or(l - 	 dwl 
In this work, since in = the mass of the volume in the 
pyknometer, and a variable volume pyknometer was used to 
increase the accuracy, the above equation can be written as, 
i-w1 	
L. (1 v1p) - 
	p dw1 
where p = the density of the solution = mass  
Therefore (1 - vp), and v, can be calculated from the 
densities of a series of solutions of known concentration. 
Calibration 
The pyknometer used in this work, that of Lipkin etal. 
(31), consisted of a glass bulb with capillary tube side 
arms, in which a known volume of liquid can be conveniently 
weighed. The volume of the bulb was approximately 4 ml, and 
the capillary tube bore 0.6 mm. The height of liquid 
above an etched reference mark on each arm was measured to 
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0.001 cm, by means of a cathetometer. The working length 
of arm, above each reference mark, was about 6 cm. 
The pyknometer was cleaned thoroughly, dried, and then 
weighed. It was then filled with liquid, allowed to 
equilibrate in a bath thermostated to 25.0°C, and the liquid 
height in each arm measured. The weight of the pyknoineter 
plus liquid, was then determined to lo gm. Thus the 
weight of liquid corresponding to a known volume was found, 
and the density calculated. 
Calibration involved relating the volume of the apparatus 
to the height above the reference mark on each arm. 
Benzefle was used as the liquid of known density, 
0.8735 gml at 250C 
(obtained from International Critical 
Tables). Quantities of benzefle were drawn into the 
pyknometer, and from their weights the volumes were calculated. 
Results. 
Heights (cm) 	 Volumes (mis) 
	
9.560 	 4.1792 
9.527 4.1788 
8.719 	 4.1726 
7.638 4.1641 
6.109 	 4.1525 
5.354 4.1465 
4.701 	 4.1415 
3.200 4.1296 
2.638 	 4.1254 
2.99 4.1247 
2.190 	 4.1218 
1.678 4.1173 
The heights and the volumes were submitted to 
computer analysis, and using a least squares approximation 
the gradient, plus the intercept on the volume axis, were 
calculated. The volume (mis) of the pyknometer was found 
to be related to the sum of the heights (ht) in ems by, 
Volume = 0.0078 	+ 4.1046 
Partial specific volume for sample 205 
A 1.818 mg 	' stock solution (originally 2.0 mg 
air dry weight), was prepared for this sample using phosphate 
buffer. The solution was then dialysed overnight at 2.00C, 
against this buffer. A series of concentrations were 
prepared, by diluting the stock solution with the dialysate. 
The densities, p, of the dialysate, and each 
concentration, were calculated using the pyknometer. The 
weight fraction, w, for each concentration was also calculated 
from the solution volume, the weight of solution, and its 
concentration. 
Results 
Conc Heights Volumes Weights Densities Weight 
(mgml) (ems) (mis) (gins) ] -l) Fractions 
Solvent 2.286 4.1224 4.1709 1.01176+.00004 0 
0.455 5.444 4.1471 4.1966 1.01194+.00004 0.0004496 
0.909 9.207 4.1765 4.2262 1.01209+.00004 0.0008983 
1.364 5.219 4.1453 4.1960 1.01222±.00004 0.001348 
1.818 9.684 4.1802 4.2322 1.01243±.00004 0.001796 
From the best straight line graph of densities vs. 
weight fractions [Graph 2bi], the gradient () was found dw 
to be 0.3736. The value ofwas then calculated for each 
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It was clear from these results that the partial 
specific volume was constant (0.62), for the concentration 
range 0.455 mgin1 to 1.818 mgml 1. The values for p 
and (l-p), were now calculated over this concentration range. 
Results 
Concentration (mgml') p(gmm1) l-p 
0.455 0.62 1.0119 0.63 0.37 
0.909 0.62 1.0121 0.63 0.37 
1.364 0.62 1.0122 0.63 0.37 
1.816 0.62 1.0124 0.63 0.37 
The value of p was constant over the above 
concentration range, and this value has been used. for the 
determination of the Rw values for this sample (205)9 (see 
Chapter 3). Also it was noted that the value of p did not 
affect the final Vp value, therefore it was not necessary 
to calculate the density of the solution in the ultra-
centrifuge cell, at a point x from the centre of rotation. 
The above value of Trp (0.63) was also used for the 
calculation of the Mw values for the other pectin samples 
(see Chapter 5), because all the pectins used had similar 
chemical compositions. 
Errors 
The main errors arising in this work were due to 
weighing the pyknometer, and measuring the liquid heights 
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in each armo 
An error of 1 x 10 •3 cm in the liquid heights gave a 
negligible error in the volume. This error was negligible 
because of the large second term in the equation, 
volume = 0.0078 'i; ht + 4.1046. 
If the error in the weighing of the pyknometer was 
taken to be 2 x 10 gms, this gave an error of 4 x 10 5 gins 
ml in each of the densities. These errors are shown 
on graph 2bi). 
This error in the weights also affects the weight 
fractions, but the error was found to be negligible for 
each solution. 
Therefore the main error in this work was due to the 
error in weighing the pyknometer. 
3]. 
Section c. CHARACTERISATION OF MATERIALS 
The following materials have been investigated 
during the course of this research. Some have been 
studied thoroughly, others only very briefly. 
Materials 
Unstandardised citrus pectin 205 grade U.S.A. sag. 
Citrus pectin saznp].es S 19 S, and S5 . 
PB17 citrus pectin 210 grade sag (reprecipitated). 
Geiz rapid set citrus pectin 120 grade sag. 
General Foods rapid set citrus pectin 150 grade sag. 
Exchange citrus pectin rapid set No. 3436 150 grade 
sag. 
Citrus pectin unstandardised fast setting (Yakhin-
Israel) -180 grade sag, no added sugar. 
Pomosin rapid set pectin, 160 grade sag (probably 
citrus). 
Sunkist rapid set jetsol citrus pectin, 150 grade 
sag. 
Blend 4 fast set apple pectin. 
Bovine plasma albumin (Armour). 
Polygalacturonic acid (Sunkist). 
Sample i) was used in Chapter 3 for a series of 
preliminary investigations using the ultracentrifuge. The 
citrus pectin samples S19  S2 and S5 were all obtained from 
the same Ghana lime peel extract, and they had degrees of 
methylation of 0.715, 0.607 and 0.417 respectively. 
The solvent used for the pectin samples was 0.2 M 
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NaCl, 0.025 M KH2PO4 and 0.025 M Na2HPO4 
(see Introduction). 
The pH was always in the range 6.4-6.6. The solutions were 
prepared by adding a known volume of solvent, (using a pipette), 
to a known weight of pectin,, then stirring the solution with 
a magnetic stirrer, for 2j to 3 hours, at room temperature. 
For physical measurements it was found essential to dialyse 
the pectin solutions overnight against buffer, at 2
0C. 
Dilutions were then made using this dialysed buffer. The range 
of pectin concentrations used was 0.03% to 0.2%, and when the 
solutions were not required for immediate use, they were stored 
at 20C, because of the possibility of degradation. 
Polygalacturonic acid was prepared in a similar way 
to the pectin samples, but in this case the buffer comprised of 
0.025 M KH2PO4 and 0.025 M Na2HPO4
. The reason for this was 
that the polygalacturonic acid did not dissolve in a buffer 
containing NaCl. 
The solvent used for bovine plasma albumin was 1.00A 
NaHCO3 . 
Characteristics determined 
The characteristics determined for pectin samples, 
S1 , S2 , S5 , PB17, Blei4, Genu, Sunkist and 205 grade were:-
percentage weight remaining after dialysis and heating over-
night at 105°C; degree of esterification, and percentage 
galacturonic acid on dry weight. 
For polygalacturonic acid only the percentage weight 
remaining after dialysis and heating was determined. 
The only characteristic determined for bovine plasma 
albumin was the moisture content. This was done by heating 
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a known weight of the material (0.25 gms), at 1050C, for 
approximately 17 hours. The material was then reweighed, 
and the moisture content calculated. 
Percentage weight remaining after dialysis and heating 
For these determinations, the pectin samples were 
prepared using distilled water, then dialysed overnight 
against running, distilled water. The polygalacturofliC acid 
was prepared in buffer, as normal, then dialysed against this 
buffer. 
Procedure - A small aluminium foil dish was heated for 2-3 hours 
in an oven at 1050C. It was allowed to cool in a desiccator, 
then weighed. A known volume (25 mls) of a solution of the 
material was then placed in the dish. This was placed in an 
oven (10500 9  until it had reached constant weight (normally 
17-20 hours). 
After heating, the dish was placed in a desiccator, 
until it was at room temperature. The dish was then re-
weighed, and the percentage of the material remaining, 
calculated. aplicate runs were ca'ried 4out for each material. 
•
]Deree of ErificatiOfl and free acid content 
Theory for degree of EsterificatiOfl - the free acid 
groups present in the. pectin are titrated with 'alkali and the 
result recorded. An accurately known excess of alkali is 
added, and the pectin allowed to stand for a given time to 
allow alkaline hydrolysis of the esterified acid groups to 
occur, leaving neutralised free acid groups0 An equivalent 
amount of acid is added to the alkali t and the newly formed 
acidic groups determined by back-titration with alkali. The 
initial titration gives a measure of the free acid groups, 
the second titration a measure of the esterified acid groups, 
and the sum of the two titrations gives a measure of the 
total ga].acturonic acid content of the pectin. 
Before the first titration is carried out, it is 
necessary to remove any metal ions which may have formed 
salts with the acid groups, so making them unavailable for 
titration. The metals are removed by washing the pectin 
with an alcoholic acid solution, and rinsing with alcohol to 
remove excess acid. This was carried out for Blend 4 (deter-
mined previously), Genu and Sunkist, as the other samples, 
S19  S29  S5 and PB17 9 had been previously determined. 
Procedure - A sample of about 2.5 gm. pectin was weighed into 
a 100 ml beaker and 50 ml of 5% concentrated hydrochloric acid 
in 60% ethanol was added, and the mixture stirred for 10 minutes 
at a moderate speed on a magnetic stirrer. The pectin was 
then filtered through a weighed sintered filter, porosity 2 9 
under suction, and washed with six 8 ml aliquots of the acid 
in alcohol mixture. The pectin was now washed with 60% 
alcohol alone until the washings contained no chloride ions 
when tested with AgNO3 solution. The pectin was finally 
washed with 10 ml of absolute alcohol, and dried in an oven at 
1050C for 1 hour. The filter was cooled in a desiccator 
and the moisture content was determined for the three samples 
by heating part of the pectin recovered, for approximately 
20 hrs. 
Samples of about 0.5 gm, accurately weighed, were 
taken from the washed, dried pectin for the degree of 
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esterification determination. The sample was placed in a 
250 ml conical flask, 100 ml of distilled water were added, 
and the solution stirred for 2-3 hours. The solution was 
titrated with 0.1 N NaOH solution to an end point with 
phenolphthaiein indicator. This gave the initial titre (IT). 
After the initial titration 20 ml of 0.5 N NaOH were 
added to the flask, which was firmly stoppered and allowed 
to stand. After 15 minutes, 20 mis of 0.05 N HC1 were added 
and the flask shaken until the pink phenolphthalein colour 
disappeared. The solution was then titrated with 0.1 N NaOH 
using phenolphthalein. This gave the saponification titre (ST). 
The results are calculated from:- 
Degree of Esterification = 	
ST 
 IT x'ST X 100% 
Esterified Galacturonic acid = 
ST x N of NaOH x Eguiv.Wt.G.U.A. x 100 
Wt of sample x 1000 
Total Galacturonic acid (G.U.A.) = 
(IT + ST) x N of NaOH x Eg.Wt.G.U.A.x 100 
Wt of sample x 1000 





























S1 86.2 x 
S2 85.0 x 
S5 84.1 x 
PB17 90.1 x 
Blend 4 84.5 x 
83.5* 
85.8 $ 
Genu 60.0 x 
93.3 $ 
Sunkist 64.2 x 
93.3 $ 
205 Grade 90.9* 
Polygalacturonic 
acid 78.4 x 
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Moisture content for bovine plasma albumin = 6.0%. 
* - Previously determined in the Procter Department. 
x - Determined by heating 25 mis at 1050C for 17-20 hours. 
$ - Determned after acid washing and heating for 1 hour.  
at 105 C. 
Percentage weight remainin 
The percentage weight remaining after dialysis and 
heaiing, is the weight of material remaining after the removal 
of dialysable ash, soluble sugars (added to facilitate 
solubility), and water. The reason for the low values of 
genu and sunkist will be due to the amount of soluble 
sugars added. 
All the concentrations stated in this thesis, were pre-
pared by dissolving the actual weight of the pectin material 
in a known volume of solution. 
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Section d. 	AQUEOUS OSMOMETRY 
One of the main objects of this thesis was to obtain 
number and weight average molecular weights for several 
pectin samples, and then compare the results. The Ultra-
centrifuge was used to obtain weight average molecular weights 
(see Chapter 2 Section a dnd Chapter 5), and for the deter-
mination of number average molecular weights (Mn) osmometry 
has been used. 
In the past, number average molecular weights (sn) were 
determined using static osmometry (Alexander and Bloch, Ref.32). 
This method is inevitably slow, and would be unsuitable for 
determining In values for pectins, because of degradation in 
solution. 
In the past 10 years, with the advent of automatic 
osmometers, 1n values of polymers have been obtained quickly 
and accurately, so it was appropriate to find out whether 
pectin could also be studied in this way. 
One of the main problems with osmometry is that small 
molecular weight particles, less than 10,000 9 pass through the 
membrane, and are therefore not included in the Mn value. The 
molecular weights so far measured for pectins have been greater 
than 10,000 (between 50,000 and 200,000), therefore the problem 
with low molecular weight material should not be serious. 
Two types of automatic membrane osmometers have been 
examined, firstly, a Hewlett-Packard Automatic Membrane 
Osniometer (Model 501) 9 and secondly, a Knauer Electronic 
Membrane Osmometer (für Medizen). The difference between the 
two osmometers is in the method. of measurement of the osmotic 
pressure. In the Hewlett Packard instrument, pressure is 
applied to counteract the flow of solvent through the membrane, 
whereas in the Knauer instrument the solvent is allowed to 
flow through the membrane, and the resulting decrease in 
pressure recorded. 	In each case the osmotic pressure (11), 
set up between the solvent and solution is recorded, and from 
these measurements '1n values can be obtained. 
Hewlett Packard Automatic Membrane Osinometer 
In this instrument, the flow of solvent through the 
membrane was detected, using a photocell, by the movement of 
an air bubble meniscus in a capillary tube, and a null-seeking 
electric-servo system adjusted the hydrostatic head to prevent 
this flow. 
The membranes used in the instrument were made from 
cellulose or a cellulose derivative, and before use they were 
pre-.conditioned to the solvent. 
It was very important to ensure that all the components 
of the instrument were thoroughly clean before use. 
Procedure - Solvent was first introduced into the osmometer 
and the osmotic pressure (i0cm) recorded on a four digit 
odometer type readout. Solutions were then introduced into 
the machine, and their osmotic pressures (iicm) also recorded. 
The osmotic pressure of the material was the difference in 
readings, i.e. Tr 	rr0 (cm). 
Accuracy of Instrument. The instrument was used successfully 
to determine the iin value for a polystyrene sample, with 
° toluene as solvent. The temperature used was 30C. 
RESULTS 
c(concentration in mgm1) 	rr(cm) 
	
4 	 0.61 
10 	 2.10 
14 	 4.3O 







The number average molecular weight was obtained from 
the equation, 
itn 
= ( 1T/c), 
Here R. the gas constant, was measured inctimeters 
of solvent, and it had a value of 84.7/d, where d was the 
density of toluene. T was the absolute temperature. 
From a plot of ri/c vs. c, (ir/c) 0 = 0.78, giving an 
Mn value of 381,000. This compared well with the actual 
value of 392,000 9 and showed that the instrument could be used 
to determine the Pin value for a non-aqueous system. 
The instrument was now used to determine the Pin value 
for an aqueous system. Crystallised bovine plasma albumin 
(solvent 1.0% NaHCO3) was used, because its molecular weight 
of 70,000 was known accurately. The temperature was 250C, 
and the concentrations used were the actual weights of bovine 
plasma albumin (see Chapter 2, section e). 
RESULTS 
c(mgm1) 1T(cm) ri/c 
10.24 4.60 0.45 
6.14 2.93 0.48 
4.10 2.26 0.55 
2.05 1.17 0.57 
From a plot of il/c vs. c, (rr/c) 	= 0.60. 
The density of the solvent (1.056 NaHCO3) was found, 
(by simply weighing a known volume of solution) to be 
1.0016 gml. 
The in value calculated from these results was 
42 9 000. This value was very low compared with the actual 
value of 70,000. 
Therefore the instrument was successful for a non-
aqueous system, but only moderately successful for an aqueous 
system. 
Knauer Electronic Membrane Osmometer (see Fig. 2d 1) 
In this case, when the solvent passed through the 
membrane, the osmotic pressure was measured by means of a 
sensitive metallic membrane, situated under the centre hole 
of the lower part of the measuring cell [i]. 
The instrument was suitable for determining colloidal 
pressures in aqueous systems, by means of a highly active 
double layered membrane. The top layer of 
the membrane was thin, and therefore had a high flow rate, 
to give a quick response to the osmotic pressure. The 
second layer was more porous, and stronger, so that it 
supported the active layer. 
The instrument was a complete unit, containing the 
thermostated measuring cell, and the pressure measuring system 
with amplifier and meter. The instrument could also be 
adjusted to the desired temperature, by means of the ten-turn 
helical potentiometer [231. 
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Brief description of the measuring cell (see Fig. 2d 1) 
The measuring cell consisted of a lower part [1], 
which was thermostated and contained, under .the centre hole, 
the metallic membrane for measurement of the reduced osmotic 
pressure. The cell device [2] was inserted into the lowest 
part of the aperture of the bottom part of the cell, and the 
semi-permeable membrane was laid on the curved upper surface. 
The semi-permeable membrane had a diameter of 12 mm, and was 
held firmly by the upper part [3] of the cell, which contained 
an extracter tube [15] and a testing tube [13]. The tube [15] 
was connected to the extracter bottle [7] by a teflon tube, and 
for protection against external thermal influences, a cover 
[17] was placed over the measuring system. The plug [4] 
penetrated through the middle of the cover, and on the one hand 
it could be used for sampling, and on the other hand, it 
guaranteed the pressure balance of the upper side of the 
measuring cell against that of the surrounding atmosphere. The 
instrument was calibrated using a special device [6]. The 
membranes were cut with the hollow punch [16], as they had to 
have a diameter of 12 mm. The solvent, and test liquids, 
were injected into the osmometer by means of the syringe [8]. 
Operation of the Instrument 
The solvent used in the instrument was always degassed 
(under vacuum), before use. 
Firstly, with the aid of the syringe [ 8], the lower 
part of the cell was filled with the degassed solvent up to 
the third level. Special attention was paid, so that the 
highly sensitive pressure measuring membrane, made of metal, 
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was not damaged by contact with sharp objects. 
The cell [2] was then inserted, with the help of 
tweezers, into the bottom part of the measuring cell. Care 
was taken that no air bubbles were introduced into the 
lower measuring cell system. In its low position, the cell 
was carefully moved up and down, to eliminate bubbles, which 
may still be in the system. After this, air bubbles were 
eliminated from both apertures of the cell [2], by inserting 
solvent with the syringe. The area thus formed in the lower 
half of the cell was curved, and the two layered semi-permeable 
membrane was placed on in such a way, that the active layer was 
uppermost. Again, it is important not to allow any air 
bubbles into the system. If the membrane floated in the 
aqueous solvent, the syringe [8] was used to extract the 
surplus solvent from the bottom part of the cell, until the 
floating membrane was situated in the cavity, into which it 
will later be firmly pressed by the upper part of the cell. 
The solvent was most conveniently sucked off by the extracter 
bottle [7] and the free end of the teflon pipe, in order to 
avoid damage to the membrane. 
Following this, the upper part of the cell was insertdd 
into the lower part, and carefully screwed together with the 
nuts [9]. The nuts have to be screwed regularly, very lightly 
in the beginning, and then gradually more tightly, so that the 
two parts of the measuring cell fitted perfectly. The 
deflection of the indicator must be constantly checked in the 
sensitivity range of 160 cm, when doing this. (It must never 
rise beyond the measuring range of the instrument.) 
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In order to check the tightness of the membrane, the 
teflon pipe, which was connected to the extracter bottle [7], 
was inserted into the tube [13]o The hole in the bottle 
was kept closed, and the bottle squeezed. This produced a 
pressure within the cell, between the sealing [11] 9 and the 
uppermost side of the membrane. Should the membrane leak, 
the pressure continued to the lower measuring cell system, 
which was then observed as negative pressure on the meter. 
If this happened, the cell was screwed down more firmly. 
The teflon tube was then inserted into the extractor 
tube [15], and the solvent extracted from the upper part of 
the cell. This upper part of the cell was then cleaned by 
repeated rinsing of the membrane, with five drops of solvent. 
Care was taken that the membrane remained constantly wet, and 
covered with solvent, when not in use. When the instrument 
was not in use, the plug [4] was sealed with a cap [5]. 
Calibration of the instrument 
The teflon tube, which had been connecting the 
extractor bottle [7] and the extractor tube [15], was removed 
from the extractor bottle, and inserted into the tube of the 
calibration device [6].  Then the plug with the valve was 
inserted into the upper part of the cell. A teflon tube was 
then connected between the valve on top of the plug, and the 
extractor bottle. 
The reservoir in the calibration device was filled with 
solvent, and with the aid of the extractor bottle [7], it was 
drawn through the cell until there wem no more bubbles present 
in the system. The teflon tubing plus" extractor bottle was 
then removed and a cap [5] placed on top of the plug. A 
hydrostatic pressure difference was introduced into the cell 
by raising and lowering the calibration device, which 
corresponded exactly to a height difference of 10 cm. 
The commencing position.for calibration, was with the 
calibration device in the upper position. In this position 
the indicator was set at 0, with the aid of the zero adjuster 
[14] on the front panel. The zero adjuster allowed five 
turns to the right, and five to the left. If this was not 
possible, the metal adjuster [25] on the cell was used, giving 
a rough mechanical adjustment of the pressure measuring system. 
Before operating the metal rotary knob [25], the zero 
adjuster [19] was set at the middle position, so that there 
was enough motion, both to the right and to the left, if zero 
adjustments were necessary at a later stage. 
After the indicator had been set at zero, the 
calibration device was moved downwards, whereby the indicator 
made a positive deflection to the right. The values set on 
the sensitivity switch were multiplied by four, and for 
calibration, the sensitivity switch was set at 2.5 cm (x4) = 
10 cm solvent column. 
The hydrostatic pressure difference of 10 cm was 
adjusted to 100 scale divisions, by the black adjusting 
potentiometer [21] below the meter, which was indicated by 
"cal". By raising and lowering the calibration device 
repeatedly, the 0 cm and 10 cm full scale deflections were 
controlled. 
Afterwards the cap [5] was removed, the teflon tube 
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extracted from the calibration device [6], and replaced on 
the extractor bottle [7]. Excess solvent was then extracted. 
The measuring cell was then rinsed repeatedly with 5 drops of 
solvent, and then filled with five drops of solvent. The 
instrument was adjusted to zero with the zero adjuster £191 9  
and was now ready for use. 
The insulation cover [17], and the plug [4], were 
removed. The volume of solution used was 5 drops (approxi-
mately 150 Ml), and was dropped, by means of the syringe [8] 9  
into the upper part of the cell. The plug [4] was then 
replaced to protect the test solvent from evaporation, and the 
insulating cover [17] was also replaced, to protect the cell 
against external thermic influences. 
Another possibility of inserting samples was to inject 
the test sample through the plug [44, by means of the syringe. 
In this case the syringe needle had to be longer than the 
tube of the plug [4], but not so long as to destroy the 
membrane. It was possible in this case, to insert the sample 
direct from the exterior into the instrument without taking 
off the insulating cover [ 17]. The hydrostatic pressure above 
the membrane had to be maintained at all times, because it had 
a direct influence on the results. 
As the true measurement was only rarely observed after 
the first sample, it was generally necessary to insert a 
second, or third sample, after extraction of the first test 
sample. Generally, one final rinsing gave the result. After 
the measurement had been taken for each solution, the 
instrument was rinsed three or four times with the solvent, 
and the deflection noted. 	The osmotic pressure (Ti), in mm 
of solvent, was the difference between the solution reading, 
and the solvent reading (normally zero). 
The number average molecular weights of the materials
RT were then calculated from Rn = 
jIICIc90 
Reproducibility of the instrument 
Bovine plasma albumin (Jn = 70,000) was used to 
determine the reproducibility of the instrument. The solvent 
was again 1.0% NaHCO3, and the temperature 300C. Three 
different solutions were prepared, and the 1n values calculated 
for each one. The concentrations are the actual weights of 
bovine plasma albumin (see Chapter 2 section e). 
RESULTS 
Solution (1) 
c(concentration in mgml) 	rr(rnm) 	 Tr/c 
	
1.88 	 6.5 	 3.45 
4.70 16.0 3.40 
6.27 	 20.0 	 3.19 
9.40 30.0 3.19 
(ii/c) 	= 3.6; Fin = 70,500. 







1.88 	 6.5 	 3.45 
4.70 15.5 3.30 
6.27 	 20.0 	 3.19 
9.40 31.0 3.30 
3.62; 	Fin = 709500 
Solution (3) 
c(mgm1) i(mm) ri/c 
1.88 6.8 3.62 
4.70 1.0 3.40 
9.40 30.0 3.19 






These results agree very well with the generally 
accepted value of 70,000 for this protein, and they show 
that the instrument can be used to give reproducible and 
accurate Mn values for an aqueous system. 
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Section e. 	VISCOIVIETRY 
The technique of viscometry has been used in this 
thesis to characterise several pectin samples. Viscometry 
of polymers has been covered by Van Wazer et al. (33) and 
Allen (34). 
When a solute is dissolved in a solution, the viscosity 
of the solution increases. The extent of the increase is 
related to the size and shape of the solute molecules. It is 
therefore a useful method for comparing a series of samples. 
The coefficient of viscosity (ri), has been defined as 
the ratio of applied shearing stress to the rate of shear. 
In the case of ideal or Newtonian particles is independent 
ofaearing stress, whereas for long stiff molecules a 
dependence on the rate of shear would be expected. 
Here the viscosities of dilute solutions of the pectin 
samp]es have been measured in two different ways. 
Capillary viscometry, in which the flow of the 
pectin solution through a capillary tube was timed accurately. 
Couette viscometry, in which the pectin solution, 
contained between two concentric cylinders rotating relative 
to one another, transmitted a torque, whose measurement was 
used to obtain the viscosity. 
The fundamental disadvantage of the former method is 
that the rate of shear varies across the capillary tube. It 
is a maximum at the walls, and zero at the axis of the capillary. 
In the Cotite method, on the other hand, the rate of shear 
varies only to a small extent, provided the annulus is 
sufficiently narrow, and an arithmetic mean of the rates at 
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the inner and outer cylinder faces can be used to describe 
the conditions for the whole solution. 
By using the two methods. absolute viscosities can be 
compared after subjecting the solution to low rates of shear 
(Couette method) and high rates of shear (capillary method). 
(a) Capillary Viecometry. 
When pectin, or any other material, is dissolved, the 
relative increase in viscosity (u r) is defined as the ratio 
of the viscosities of the solution (n), and the solvent (n o ), 
i.e. relative viscosity 	= 
The specific viscosity (n), and the relative 
SP 
viscosity (nr),  are related in the following way, 
•sp = rel = 
Since the viscosity of a solution depends on the 
concentration (c mgml), extrapolation of the viscosity 
values to infinite dilution gives the limiting viscosity number. 
-i• 	limit •'' mlg = c -to 	C 1 
A relationship between viscosity and concentration 
was suggested by Huggins (35). 
	
= 	+ ktnJ 2 c. 
is a linear function of c, and the limiting viscosity 
number In] can be obtained by extrapolation to zero concentration. 
The theory of capillary viscometry has been discussed 
very fully by van Wazer et al. 	In the capillary method it 
is the volume average rate of shear which is calculated because 
the flow of liquid in a capillary tube is considered as the 
flow of concentric cylindrical volumes. 
Volume average rate of shear = J0
R 
r • 2rrrdrL 
rrR 






Consider such a case of a liquid flowing in a 
capillary tube 
 
r = any distance from the centre 
L = Length of the capillary 
AP = pressure difference between 
the ends of the capillary. 
____ stress	Pr l 	 Pr [where stress = Rate of shear = 	 = 
Ti 
From Van Wazer et al., the volumetric flow rate, Q. is given by 
Q = 	 Hagen-Poiseiulle Law for laminar flow Sr~L in tubes. 
•rTPR4 
Pr 8L 	4Q 
.. Rate of shear = IM • 	= - .riTR 
Now consider the volume 
Li 
	ri 	
average rate of shear. 










The volume average rate of shear, absolute viscosities 
and limiting viscosity numbers were calculated using this 
capillary viscometer. 
The following dimensions were required before the 
volume average rate of shear could be calculated, the radius 
of the capillary, the volume of the bulb, and the time of flow 
for water. 
To determine the radius, mercury was manipulated into 
the capillary, its length measured, then the mercury weighed. 
From the weight and the density the volume can be calculated, 
and knowing the volume and the length of mercury, the radius 
can be calculated from, 
V = ,-rr2 L. 
The volume of the bulb was found by weighing the amount 
of water contained in the bulb. Knowing the weight and the 
density of water, the volume was found. 
RESULTS 
Radius = 0.0265 mm 
Volume = 5.074 ml 
Time of flow = 194 seconds of water 
From volume average rate of shear = 40 	2 . Tra3 
Volume 
= Time of flow of water , R = 0.0265 mm 
.. Volume average rate of shear = 1200 sec. 
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The viscosities of the pectin samples were measured 
in this modified Ubbelohde suspended-level viscometer, 
(Van Wazer (33), p.225 and Proter Thesis (36)), which was 
rigidly supported in a bath thermostatted at 25.00C. In 
this viscometer the viscosity is given by 
=Apt - 
where A and B are constants, p the density of the solution, 
and t the flow time of a fixed volume of solution. The 
dimensions of the viscometer were such that the flow rate 
was approximately 200 seconds and the kinetic energy correction, ; 
Bp/t, was therefore negligible. 
Therefore i = Apt for the solution 
110 = Apt0 r the solvent 
and the specific viscosity is given by 
t- pot0 
sp 
Only very dilute solutions were used, therefore p = p 0 
and Tj
= t-:o 
Procedure - A stock solution of the pectin sample (normally 
2.0 mg/mi air dry weight) was dialysed against buffer. The 
solution and the solvent were then passed through a No.2 
sintered glass filter funnel to remove suspended matter, which 
would restrict flow in the capillary. 10 mis of the solvent 
were then pipetted into the viscometer, and times of flow 
recorded until two consistent results (within 0.1 secs.) were 
obtained. 2 mis of the pectin solution were then pipetted 
into the viscometer, mixed, and the average time of flow 
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determined. This was repeated for three more 2 ml a].iquots. 
The specific viscosities were calculated for each 
concentration, and from the straight line plot of nsp/c against 
c, the limiting viscosity number was obtained. This procedure 
was used for all pectin samples. 
(b) Rotational Viscometry 
The very first practical rotational viscome:ber was 
that designed by Couette (37). Since 1940 many other 
designs have appeared (Ogaton and Stanier (38); Zimni and 
Crothers (39); Kay and Saunders (40)), some of which are 
available commercially (see Van Wazer et al. (33)). 
Coette viscometers have two advantages over the 
capillary viscometers. Firstly the rate of shear (G sec) 
applied to the fluid has much lower limits (1 sec < G < 
50 sec), and there is no correction for kinetic energy. 
Theory 
The theory of rotational viscometry has been covered 
fully by Van Wazer et al. (33), and only a brief mention will 
be given to the equation, from which the viscosity is obtained. 
If Rb and Re are the radii of the bob and the cap 
respectively, then the rotating couple on the bob is given by 
CQ - 4iiIiw 
Rb2 Re2 
where c = couple per unit angular 
Q = angular displacement of bob (radians) 
1 = length of torsion wire 
= absolute viscosity of the fluid 
w = cup speed in radians eec. 
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... 9 = (k"l)wr and kttiHls a calibration constant for 
the instrument. Viscosities can therefore be obtained from 
the speed of the cup and the angular displacement of the bob. 
Instrument and Calibration 
The instrument used was similar to that described 
by Ogston and Stanier (38) (see Fig. 2b 1). The solutions 
were kept at 25
0C by circulating the cup with water from a 
thermostat bath. Constant speeds of revolution were achieved 
by connecting the cup through a continuous thread to a 
synchronous motor via a multispeed gearbox. The instrument was 
constructed in such a way that the speed of the cup (w) in 
revolutions per minute equals twice the average rate of shear 
() in sec. Speeds of 2-98 rpm were possible, corresponding 
to 5 = 1.0-48.0 sec 1. At speeds higher than 48.0 sec the 
deflections became erratic. Deflections (A), corresponding to 
the angular deflection (9) of the bob, were measured by 
arranging the galvanometer mirror to project an image of a 
vertical hair line onto a hemi-circular scale at its focal 
length (100 cm). The scale was made by bending a plastic, 
100 cm long, and marked in millimeters, Into a hemi-circ]..e 
of 100 cm. radius. 
Certain modifications were made to this instrument 
so that steady and reproducible readings could be obtained: 
(a) a non-magnetic bob of gold plated brass was found superior 
to stainless steel, readings being steady and unaffected by 
the slightly magnetised bearings in the cup. (b) a perspex 
box to exclude draughts was made to fit round the tortion 
wire and damping assembly. (c) Diala oil B (Shell) was found 
Fic, 261 
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to be adequate as an inert damping fluid. Readings were 
read to the nearest 0.01 cm, and were steady to 0.02 cm. 
The instrument was calibrated using distilled water 
and re-distilled n-butanol. A plot of Q against w,and 
knowing the absolute viscosities, gave the calibration constant 
k"l, from equation Q = (k"l)w. This was repeated three 




= x 25.20 millipoises 
= x 25.17 milhipoises 
= x 25.14 millipoises 
= x 24.97 millipoises 
= x 24.90 millipoises 
= x 25.60 miliipoises 
An average value for the calibration equation was 
taken as = x 25.17 milhipoises 
where 1 = deflection in cm. 
a = speed of cup in rpm. 
Experimental - It was important that the axis of rotation 
was vertical. This was best achieved by levelling the pot 
directly by placing a spirit level on top of pot. The 
framework was also levelled by means, of its levelling screws, 
the spirit level again being used. The speeds (in rpm) were 
found from a relationship between the time for one revolution 
of the string and the number of revolutions of the cup. 
10 mis of a pectin solution were pipetted into the 
cup and left for approximately 30 minutes, to attain the 
temperature of the circulating thermostat. The bob was 
carefully lowered and centred by eye, and the draught excluder 
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fitted. The zero reading was noted. Readings of 
deflection wore noted for approxitely sixteen different 
speeds of the cup. Different concentrations were achieved 
by withdrawing 2 mis of the solution and replacing by 2 mis 
of the solvent. After each dilution, the solution in the 
cup was stirred with a glass rod, and the solvent kept in 
the thoraostet bath. 	hèn the measuroiacnts on the colutions 
had been completed, the solvent alone was run in the 
viscometer. The absolute viscosities, n, were then 




PRELIMINARY INVESTIGATIONS USING THE ULTRACENTRIFUGE 
The main object was to establish experimental 
techniques, especially the ultracentrifuge, and also the 
viscosity with a single pectin. Type 205 9 believed to be 
typical, was mainly used, with some experiments using S1 and 
S2, i.e. pectins with low degrees of esterification or higher 
density of ionisable groups per molecule. 
The results obtained were compared with viscosity and 
ultracentrifuge work on various pectins by Sverborn (8). 
The solvent used in this work was phosphate buffer 
0.025 No pH 6.5, containing sodium chloride 0.2 M. The 
reasons for using this buffer were mentioned in the Introduction. 
Section A. 
Sample 205 Grade USA SAG 
Limiting viscosity number [r'i] 
The specific viscosities were determined for four 
concentrations of the sample, 






in the range 0.303 mgml to 





There is considerable dependence of the viscosity number on 
concentration, and the straight line graph of ¶'l ap/c (mlg) 
against c (mgml) gave a limiting viscosity number of 
423.0 inlg. 
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Partial Specific Volume (v) 
This was calculated for sample 205 in Chapter 2 
Section b. The value of the product of partial specific 
volume and the density at a distance x from the centre of 
rotation (vp) was found to be 0 .63. 
Sedimentation Coefficient (5) 
The sedimentation coefficient (s) was determined at 
a number of concentrations (c), in the range 0.455 mgr1T 
to 1.818 mgi4, using the analytical ultracentrifuge. 
Results 
Concentration (mgm1) 0.455 0.909 1.182 1.364 1.818 
S x. l0 3(sec) 	 2.30 	2.21 	1.97 	1.91 	1.81 
There is only a small dependence of S on c. This is 
a strange result for pectins because Alexander and Johnson (41) 
show that for corpuscular proteins the dependence is often 
small, but for linear polymers, such as cellulose nitrate, 
there is a definite marked dependence. It may be that the 
concentration range used here is not large enough to observe. 
such a marked dependence. 
The sedimentation coefficient at infinite dilution 
was found from the plot of S against c. This was found to 
be 2.54 x 10 3(sec). 
Weight Average Molecular Weight (P1w) 
Two stock solutions (1.818 mgml) of sample 205 were 
prepared, and the values of P1w determined for several 
concentrations of each solution, to see the dependence of 




















Mw (average) = 86,500 






1iw (average) = 769300 
These results show that for this sample Mw is inde-
pendent 	c. An average value of Mw is 81,500. 
A. comparison can now be made between these results 











0.2 M NaCl 
0.2 M NaCl 
0.2 M NaCl 
0.2 M NaCl 
0.025 M KH2PO4 
0.025 M Na2HPO4 
Degree 	[y]ml. Vpnhl. S x 	Mw 
of 	-1 	-1 1013 
Esteri- 	g g (sec) fication 
(%) 
78.8 	645.0 0.60 2.2 90 9 000 
55.8 384.0 0.58 2.2 57,000 
81.2 293.0 0.61 1.9 56 9 000 
423.0 0.63 	2.5 81,500. 
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These results give good general support to the work of 
Sverborn. 
Also, these preliminary experiments encouraged 
extension to other pectins. The same process was therefore 
repeated for samples S1 and S29  which were 
cittus pectins 
having different degrees of esterification. 
Section B. 	Sample S1 
Sedimentation coefficient (s). 
Sedimentation coefficients .S) were determined for five 














S was again dependent on c, and to a slightly 
greater extent than for sample 205. The value of S 0 , 
obtained from a plot of S 1 against c, was 2.83 x 1013sec;; 
and was slightly higher than that for sample 205 	= 2.54 x 
1013 sec). This would suggest a higher molecular weight. 
Limiting viscosity number liii 
The limiting viscosity number was determined three times 
for sample S1 . 
Results 
= 575.0 m1g; Cn32 = 550.0 m19 1 ; []3 = 576e0 mlg. 
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These values give an average of 567 mlg, which is much 
higher than the value of sample 205 (423.0 mlg). Using 
these results, and the formula of Christensen, (see Chapter 7), 
molecular weights can be calculated for these two samples. 
Results. 
Sample 	[i-]mlg 	Molecular Weight 
(Christensen) 
S1 	567.0 	 120,500 




The molecular weight for sample S should therefore be 
in the range 110,000 - 120,000. 
Weight average molecular weight (nw) 
In view of the earlier finding this was determined at 
one concentration only (0.862 mginl). The value of 11w 
obtained was 939000. This is only slightly higher than the 
value for sample 205 (81,500), though S0 and [] would suggest 
otherwIse. Hence a check was carried out on the concentration 
dependence. 
The weight average molecular weights were calculated, 
for three different concentrations of sample S 19 after 
analytical ultracentrifugation. 
Results 
Concentration (mgml) 	c0 (mm2 ) 	 RW 
	
1.146 	 3.235 	.759000 
0.862 1.965 103,500 
0.573 	 1.816 	59,000 
These results show no relationship between c 0 (mm2 ) and Rw. 
c0 (zmn2 ) values also do not appear to be related to concentration 
(mgm1). The relationship between c0 (mm2 ) and concentration 
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is further investigated, by determining c 0 (mm2 ) values for a 
0.862 mgml and a 1.724 mgin1 solution. 
Results 
Concentration (mgml) 	 00 (inni2 ) 
	
1.724 	 4.093 
0.862 3.138 
It is clear from the8e last two sets of results that 
c0 (rnm2 ) values are not consistent (compare 0.862 mgml 
results), and they are not directly proportional to 
concentration (mgm1). This throws doubt on the Mw values 
for sample 205. The possibility was not revealed for this 
sample, because c0 values were determined for only one 
concentration. 
To determine the extent of the problem, c 0 (mm8 ) values 
were determined for two concentrations of sample S, over a 





Time (minutes) c0 (mm2 ) 
	
time (minutes) c0 (mm2 
24 4.543 25 2.273 
65 4.258 99 1.846 
83 4.266 126 1.871 
173 3.736 172 1.876 
271 3.852 196 1.828 
These results show a significant decrease in c 0 (rnm2 ) values 
with time. This would be explained if there was a fast 
sedimenting material, a 'microgel', present. 
Attempts were made to remove this 'microgel' by means 
of a preparative ultracentrifuge. This was unsuccessful 
for a sample run at 15000 rpm (this speed was selected to give 
Centrifuged 














a 'g force' equivalent to that experienced by a sample in 
the analytical ultracentrifuge), for one hour. The 
experiment was repeated at 15,000 rpm for 4 hours, with 
c0 (rnm2 ) values being determined before and after centrifuging. 
The initial concentration used was 1.724 mgml. 
Results 
Average c0 value = 4.697 (mm2 ) 
The c0 (mm2 ) values have decreased after centrifuging 
for 4 hours in the preparative ultracentrifuge (4.697 mm2 to 
3.967 mm2 ), but there is a further decrease in c 0 (mm2 ) with 
time (3.967 mm2 to 3.252 mm2 ), in the analytical ultracentrifuge. 
Sample S2 was now investigated, to see if it gave 
similar results. A c 0 (mm2 ) determination was carried out 














Here, as in Sample S., c0(mm2 ) values decreased with 
time (minutes). Attempts were again made to remove this 
'microgel' by running a 1.70 mgxnl 1 sample in the preparative 
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ultracentrifuge (in this case for 12 hours at 8,000 rpm), 
and then determining c 0 (inm2 ) values with time. 
Results 
c0 (mm2 ) 	 Time (minutes) 
4.344 	 29 
4.162 33 
4.077 	 51 
3.601 172 
3.238 	 256 
Again material has been removed by centrifuging 
(compare these values with the previous ones), but c0 (znm2 ) 
values still decrease with time. 
These results show the presence of a fast sedimenting 
material in samples S1 and S21, which is unable to be removed 
by preparative ultracentrifugation. This material was not 
noticed in sample 205 grade U.S.A. SAG, probably because 
c(mm2 ) values were only determined for one concentration, and 
the period of such determinations was approximaty 30 minutes. 
The outcome of these investigations is that, if 
'microgel' is present in a pectin sample, the value obtained 
for Mw by ultracentrifugation must be in doubt. Another 
consequence of this 'microgel' is that if it is material of 
very high molecular weight, it will give high values for the 
limiting viscosity number of a pectin solution. 
A method of removal or dispersion of this 'microgel' 
is therefore required, before further measurements can be 
carried out on pectin samples. 
CHAPTER 4 
SELECTION OF PECTINS 
The preliminary work on the analytical ultracentrifuge, 
described in Chapter 3, reveals a steady decrease in c 0(mm2 ) 
with time, (c0 is aparamèter measured by means of the 
ultracentrifuge, and should be proportional to the initial 
solute concentration). This behaviour is not normally found, 
and the problem is whether or not it is due to the migration 
of pectic material, or of a non-pectic component. Attempts 
to remove this by means of a preparative ultracentrifuge 
proved unsuccessful (see Chapter 3). Further investigations 
were therefore continued in Leeds. 
Two experiments were repeated using Sample S 1. In 
the first of these a c 0 (mm2 ) run was carried out for a 
1.724 mgm1 solution (originally 2.0 mgm1 air dry weight), 
using the interference synthetic boundary cell. The speed 
used was 12590 rpm, and the period of the run was approximately 
4 hours. 
Results 	






After 20 minutes there is a steady decrease in c0 (mm3 ) 
with time. A plot of c 0 (rnm9 ) against time (minutes), 
Including the values at 9 and 20 minutes, was a straight line. 
Secondly, the removal of the material, causing the 
TA 
decrease in c0 (mm2 ), was again attemed by means of a 
preparative ultracentrifligee This time a 1.724 mgmf 
solution of S1 was run for 4 hours at 30,000 rpm, and then 
a small proportion of the top layer was transferred to the 
analytical ultracentrifuge, and a c 0 (nim3 ) run carried out. 
Results 
c0 (mm2 ) 	 Time 	(minutes) 
1.903 	 21 
1.704 52 	Speed 
1.792 	 76 12590 rpm 
1.718 139 
1.639 	 180 
The values for c 0 (mm2 ) are very much lower than In 
the previous run, but there still is a decrease with time. 
The preparative ultracentrifuge has removed part of the solute, 
but it Is still not known whether all of this is pectin. 
Insoluble inorganic material (possibly filter acid used in 
manufacture) was suspected as a possible cause of the 
persistent decrease in c0 (mm2 ). 
A pectin sample, PB17, which had been acid washed and 
alcohol precipitated, and which had been shown to contain only 
a very small percentage of insoluble ash, was run in the 
analytical ultracentrifuge to see if the results were similar. 
A 1.802 mgml solution was used and the speed was 12590 rpm. 
Results. 






There is still a decrease in c 0 (mm2 ) with time (minutes), 
therefore insoluble ash cannot be responsible for the 
phenomena. From these results the decrease in c 0 (mm2 ) would 
appear to be due to pectic material. 
While these experiments were in progress another 
researcher, working on pectin solutions for light scattering, 
noticed that ultrafiltration, using a millipore filter (pore 
size 0.45 microns, pressure 1-2lbs/sq.in), led to the 
deposition of a 'slime' on the filter. This was pectic 
material, and could be the cause of the decrease in c0 (mm2 ). 
A c0 (mm2 ) run was therefore carried out on a ultrafiltered 
sample of PB17, to see if there was any decrease. A 4.505 
mgml solution of PB17 9 (originally 5.0 mgl air dry 
weight), was filtered and then run at 12590 rpm. 
Results 












c0 (aver.) = 6.205 (mm 2 ) 
Ultrafiltration has therefore produced a sample with 
roximate1y constant values for c 0 (mm2 ). A short column 
equilibrium-sedimentation run also was carried .out for this 
sample, so that the molecular weight could be obtained. 
Results 
dc 	 = 6.988 mm. mid. (aver.) 
r mId, (aver,) = 71.479 nm. 
nw 	RT 	• 	1 	.l 	.dc r mid(aver.) 	Taver.) 	mid(aver.). 
RT 	= 3.784 x 10 if 7rp = 0.63 
and w = 12590 rpm. 
.. Mw = 59,500 
These experiments clearly show that non-filterable slime 
is likely to have been responsible for the earlier atypical 
runs. The 'slime' could be due to incomplete 
dissolution in the cold, so a heated sample was investigated. 
A double strength solution of PB17 (3.604 mgml) was 
made up in water then heated for 15 minutes at 90°C, double 
11 
strength buffer was then added to give a 1.802 mgml solution. 
The buffered solution could not be heated, as rapid degradation 
would have occurred. A short column equilibrium-sedimentation 
run was also carried out to obtain a value for molecular weight. 
The speed for both runs was 7447 rpm, a figure which is more 
appropriate in view of the molecular weights being found (see 
Chapter 2,section (a)). 
Results 






c0 (aver.) = 5.362 mm2 
dc 	 = 2.998 mm. mid(aver.) 
r mid(aver.) = 71.663 mm2 
Mw 	= 849500 
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1otes: 1) c0 (mma) still decreases a little with time, but 
only at the outset of the experiment. 
Heating has not dispersed all of the 'slime' in 
this sample. 
The rm value is higher (Cf. 59 9 500). 
c0 is slightly higher than that for a previous 
1.802 mgm1 run (5.266 xnn). This will be reasonable if 
there is a rapid sedimentation of aggregated material at 
12590 rpm, and not at 7447 rpm (The relationship between 
speed (rpm) and iIw, is discussed in more detail in Chapter 5). 
From these experiments, samples S 1, and PB17 (re-
precipitated), contain a certain amount of pectic material 
which is insoluble in cold buffer. This material is 
observed by means of ultrafiltration, but c0 (inm2 ) still 
decreases slightly with time. Heating does disperse part of 
the material (in the case of PB17) 9 but not all. 
The problems now were to find suitable pectin samples 
which were free from 'slime', and to choose a means of 
checking, using a technique other than the analytical untra-
centrifuge, that no losses occurred during ultra-filtering. 
Then there would be no decrease in c0 ( imna), when the samples 
were run in the analytical ultracentrifuge, and the whole of 
the sample would be under study. 
Seven pectin samples were investigated, using a Brice-
Halmer differential refractometer to determine the refractive 
index difference between each dialysed pectin and its buffer 
before, and after, ultrafiltration. A 5.0 mgml (air dry 
weight) solution was used for these tests. Each solution 
was allowed to filter overnight (approximately 15 hours), to 
71 
make sure that all the filterable material had completely 
passed through. 
Solutions of KC1 were first used to calibrate the 
refractometer. 
concentration An. 10 6 	td (from 	k x 106 
(i1) 	(from 
instrument) (An kAd) 
literature) 
0.01491 1.977 0.991 2.015 
0.02982 3.946 1.965 2.008 
0.04474 5.665 2.936 1.998 
0.05965 7.725 3.535 2.185 
Average value of k = 0.002052 
An 	= refractive index difference 
Ad = refractive index difference from the instrument 
An can be found using the formula An = kAd. 
Results 
40 mis. of solution were used for filtration. 
Genu rapid set citrus pectin 120 Grade Sag. 
Ad before millipore, 0.203 9 0.197 
Ad after millipore, 0.1959 0.185 
Approx. 39 mis. were recovered. 
General Foods rapid set cittus pectin 150 Grade Sag. 
Ad before millipore, 0.199 
Ad after millipore, 0.158 
Approx. 25 mis. recovered. 
Exchange citrus pectin rapid set No. 3436 150 Grade Sag. 
Ad before millipore, 0.231. 
Ad after millipore, 0.1720 
Approx. 37 mis. recoyered. 
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Citrus pectin unstandardised fast setting (Yakhin-Israel) 
180 Grade Sag, no added sugar. 
Ad before milhipore, 0.285 
Ad after miflipore, 0.288 
Approx. 40 mis. recovered. 
Pofn1:; rapid set pectin, 160 Grade Sag (probably citrus) 
Ad before mihlipore, 0.201. 
Ad after mthhipore, 0.079 
Approx. 23 mis. recovered. 
Sunkist rapid set jetsol citrus pectin, 150 Grade Sag. 
Ad before mihlipore, 0.212 
Ad after millipore, 0.210 
Approx. 40 mis. recoered. 
Powdered citrus pectin 205 Grade U.S.A. Sag. 
Ad before mihhipore, 0.321 
Ad after mihhipore, 0.273 Filtering for 7 hours. 
Approx. 16.5 mis. recovered. 
Ad before millipore, 0.324 
CAd after mihhipore, 0.189. Filtering for 17 hours. 
Approx. 21 mis. recovered. 
It is noted that, 
Samples 1, 4 and 6 have passed almost completely through 
the filter. 
Samples 4 and 6 have almost identical Ad values before and 
after filtering. 
To check that this tecbnlque was successful an un-
filtered 1.20 mginl solution of the Genu pectin was run in 
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the analytical ultracentrifuge, and c0 (mm2 ) values determined. 
Results 
, 2 






Speed 12590 rpm 
These results are consistent with those from ultra-
filtration, there being only a slight decrease in c0, and 
then the results are constant. 
A 1.20 mgml solution of the Genu pectin was now 
heated and a c 0 (inni2 ) run carried out at 7447 rpm. The 
molecular weight was also found using a short column equili-
brium.-sedimentatiOfl run. 
Results 
c0 (mm2 ) 	Time (minutes) 
3.433 	 6 
3.294 12 
3.219 	 22 
r mid (aver.) = 71.688 mm. 
c- 	2.1o9 mm. 
c0 (aver.) 	= 3.315 mm2 (from above) 
.. 1w = 999000. 
The first set of c(inm2) values, from the ultra-
centrifuge, show a slight decrease, agreeing with the 4-5% 
slime noticed after ultrafiltration. Heating the solution 
has dispersed most of this slime (second set of c0 values). 
This Genu pectin can therefore be investigated further. 
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From the above survey on the seven samples there are 
two which pass through the ultrafilter completely, and have 
the same refractive indices before, and after. These are, 
citrus pectin unstandardised fast setting (Yakhin-Israel) 
180 Grade Sag. and Sunkist rapid set jetsol pectin 150 Grade 
Sag. The Sunkist pectin will be used for further investi-
gations, but the other sample will not, because of an 
insufficient quantity of material. 
At this stage there was a need to obtain more samples 
which were free from 'slime'. This was done by examining four 
other samples which had not been so far passed through the 
ultrafilter, to see if they were suitable. Also, further 
investigations were carried out on the samples which contained 
slime, to see if a general method of removal could be found. 
The following sections deal with these aspects. 
Section A is concerned with the three commercial pectins, which 
were shown, above, to contain slime. The second and third 
sections, B and C. deal with PB17 and Blend 4 respectively. 
Section D is concerned with three of the partially 
demethylated samples. 
Section A 
A 5.0 mgml solution (air dry weight) was used for 
each sample. 
Samples used:- 
Pomosin rapid set, 160 Grade Sag. 
General Foods rapid set citrus, 150 Grade Sag. 
Exchange citrus rapid set No. 3436, 150 Grade Sag. 
The methods of test were as follows:- 
a) The pectin was made up in cold phosphate buffer, 
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dialysed, and then passed through the ultrafilter. 
A solution was made up in cold distilled water 
dialysed against excess water, then passed through the ultra-
filter. 
A double strength solution was made up in cold water, 
heated to 900C for 20 minutes, cooled, then double strength 
buffer added, and the solution dialysed before passing through 
the ultrafilter. 
Results (given as td before and after passage through the 
ultrafilter). 
Sample 	 a 	 b 	 c 
before after before after before after 
Pomosin 	 0.201 0.079 	0.225 0.162 	0.189 0.145 
General Foods 	0.199 0.158 0.211 0.208 	0.183 0.143 
Exchange 	0.231 0.172 	0.228 0.140 	0.237 0.241 
Evidently no consistent behaviour occurs. The General 
Foods pectin dissolves completely in cold water, but not in 
buffer after heating in water. The Exchange on the other 
hand, is just the opposite, and dissolves only after heating. 
Pomosin does not respond to either treatment. These pectins 
were not studied further. 
Section B. 
Samples used - PB17 as supplied 
- PB17-RP, which has been reprecipitated to 
reduce the ash content. 
A closer examination of PB17-FP showed that it was in 
two physically separable fractions, a very fine powder and 
somewhat coarser pieces. For the first eeriment the fine 
powder was selected, as it was thought this would dissolve 
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more readily than the coarser fraction. 
The fine powder when dissolved either in cold water or 
in cold phosphate buffer gave solutions which filtered 
completely: - 
At 1.802 mgTIT 
In water td before = 0.117 
after = 0.12]. 
In buffer ad before = 0.122 
after = 0.125 
Heating the solution in water to 90 caused no significant 
change in solubility or in ,d. 
The coarse fraction, on the other hand, left a slime 
on the filter, after dispersing in cold buffer, and td 
changed from 0.148 before filtering to 0.114 after: filtering. 
This system was also made up to 1.802 mghi]i1 and the reason 
for the different values of Ad before filtering (0.148 as 
compared with .122) is unknown. 
Evidently variation in the proportions of coarse and 
fine material taken will give variable performance on the 
ultrafilter. 
The original, powdery PB17 was now examined. 
In cold buffer, td before = 
Ad after = 0.091 
i.e., the slime in PB17-RP originates in the sample and is 
not caused by the reprecipitation. The value of Ad before 
filtration (0.123) needs cautious interpretation as the air 
dry weight of PB17 contaIns almost 10% less pectin than the 
air dry weight of PB17-RP, and the proportion by weight of 
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coarse and fine in the 1atter, is not known. 
Uhen PB17 is dispersed in water and heated at 900  for 
15 minutes, no residue remained after ultrafiltration, and 
there was no change in refractive index increment (Ad before = 
0.132 and Ad after =0.133 for 1.802 mgml again). PB17 
is thus not as intractable as some of the commercial pectins 
(see Section A). Also to begin to understand the nature 
of the bonding which leads to 'slime', it would seem 
necessary to look for possible chemical differences between 
the fine and coarse components of PB17-RP. These two 
samples of P]317, were not studied further. 
Section C 
Blend 4, fast set apple pectin (supplied 1966). 
Two 4.225 mgfc solutions, made using cold phosphate buffer, 
filtered completely. 
e.g. Solution 1 Ad before = 0.310 9 Ad after = 0.315 
Solution 2 Ad before = 0.320, Ad after = 0.326. 
Assuming, reasonably, that Ad is linearly related to 
concentration, then 0.320 at 4.225 mgml is equivalent to 
0.128 at 1.690 mgml (for comparison with sections B and D). 
Section D 
Samples S1 and S2 as used in Edinburgh, plus S5 in 
the current series of experiments. 
S1 At 1.724 mgml in cold buffer. 
Ad before = 0.118, Ad after = 00098 
S2 At 1.700 mgm1 
Ad before = 0.127 9 Ad after = 0.078. 
In both instances slime was found on the filter, and 
is no doubt responsible for the odd ultracentrifuge results. 
S5 At 1.682 mgml in cold buffer. 
d before = 0.133, Ad after = 0.134. 
There was no slime present on the filter. 
From these investigations the Genu pectin seemed a 
suitable material as it contained only a small percentage 
of slime (456-556)), and Blend 4, Sunkist and S 5 were also 
suitable, and apparently 'slime' free. These samples 
therefore could be used for further studies (Chapters 5, 6 
and 7). 
The problem of dispersion of the 'slime' is obviously 




This chapter is concerned with the study of selected 
pectins in the ultracentrifuge. Several concentrations of 
each pectin were studied. Each concentration was prepared 
separately using the normal phosphate buffer, then dialysed 
overnight (2°C) against excess of this buffer. 
Two separate runs were carried out for each solution. 
A synthetic boundary run was used to obtain c 0 values, and a 
dc short-column run used to obtain 	mid and r mid. Apparent 
iiw was then calculated from Rw = RT 	• 3. 	. dc 
(l-p)w3 	
o rmid di' mid 
(Chapter 2, Section a). Each run was carried out at 
7447 rpm, and 20°C. The synthetic boundary runs were 
completed after approximately 30 minutes, but the short-column 
sedimentation equilibrium runs were allowed to run for 
approximately 17 hours before photographs were taken. 
Time required to reach equilibrium in a short-column run. 
A sedimentation equilibrium run was carried out for a 
Sunkist sample over a period of 25 hours, to check when 
equilibrium had been reached. A 1.28 mgml (originally 
2.0 mgml air dry weight) sample was run at 7447 rpm, and 
photographs were taken between 5 hours and 25 hours. 
Wo 
Results 
Time after start. mm  mid () r mid (mm) 
4 hrs. 50 mm. 2.506 71.330 
6 hrs. 2.540 71.324 
7 hrs. 50 mm. 2.518 71.333 
9 hrs. 10 mm. 2.620 71.350 
10 hrs. 50 mm. 2.539 71.331 
11 hrs. 30 mm. 2.605 71. 371 
22 hrs. 30 mm. 2.608 71.369 
24 bra. 2.571 71. 368 
24 bBs. 40 mm. 2.561 71.345 
24 hrs. 45 mm. 2.579 71.360. 
It is clear that, for this sample, an equilibrium 
state has already been reached after approximately 5 hours. 
Therefore after 17 hours it was assumed that all the samples 
had reached equilibrium. 
Apparent molecular weights were determined for four 
concentrations of the Sunkist sample (7447 rpm). Two 
concentrations were repeated, and one was repeated at a lower 
speed. 
Results 	SUI\TKIST 
Concentration 1.605 mgm1 (originally 2.5 mgml air dry 
weight) 
c0(mm2) dc mid (mm) rmid(mm) 
4.463 2.770 [71.700 
4.657 2.735 71.695 
4.546 2.760 71.693 
4.575 2.778 71.698 
4.439 2.738 71.695 
c 	 dc0(aver.) = 4.536mm2 	mici(aver.) = 2.756mm r mid(aver.) = 
71.696mm 
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[Note c0 , kc and r mid values are written in mm, and mm2 for dr 
convenience, but for Rw calculations they must be written in 
cm2 and cm.] 
iw was found from 	RT 	
• 	1 	• 	1 dc 
(1-4)w2 c0(aver.) r mid(aver.) dr mid(aver. 
RT 	= 1.0818 x 10 
(].-.p)w2 
when R = 8.314 x 107 9 T = 293
0
K, (1-4) = 0.37 9 
MW = 91,500. 
Concentration 1.284 mgml 
c0(mm2) 	dc mid (mm) 	r mid (mm) 
3.693 2.216 71.620 
3.528 2.214 71.611 
3.593 2.200 71.610 
3.435 2.236 71.606 
3.546 2.215 71.590 
c0(aver.) = dc mid (aver.) = r mid (aver.) = 
3.559 mm2 2.216 mm 71.607 mm 
Mw = 94,000. 
Concentration 1.284 mgml 1 
c0(rnm2) dc mid (irun) r mid (mm) 
3.518 2.200 71.612 
3.419 2.220 71.598 
3.490 2.208 71.592 
c0 (aver.) = dc r mid (aver.) = 
3.476 mnl2 mid(aver.) = 2.209 mm 
71.601 mm 
fIw = 969000. 
A 1.284 mgmf sample was run at 5227 rpm. 
dc 
c0(mm2) 	& mid 
(aver.)(mm) rmid (aver.)(mm) 
3.933 	 1.225 	 71.771 
3.928 1.278 71.775 
3.810 	 1.227. 	 71.777 
3.912 1.250 71.775 
c0 (aver.) = 	dc mid (aver.) = 	r 
mid (aver.) = 
3.896 
2 	1.245 mm 	 71.773 mm 
- 	
RT 	= 2.1957 x 10 
(1-p)w2 
11w = 98,000 
Concentration 0.963 m9m1 
, 
2. 	 dc c0mm drmid (aver.)(mm) 











c0 (aver.) = 	dc mid (aver.) 	r 
mid (aver.) = 
2.654mm2 1.665 mm 71.451 mm 
Rw = 95,000. 
Concentration 0.642 mgm1 
/ 2 	 dc 
















di' mid (aver.) = 
1.250 mm 






r mid (aver.) = 
71.769 mm 
Concentration 0.642 mgml 1 






c0 (aver.) = 
dc 
mid (aver.) = 
1.932 mm2 1.226 mm 






r mid (aver.) = 
71.650 
Mw = 96,000 
These values can be summarised. 
conc 1 (mgmi) 1 c0(aver.) mid(aver.) r mid (aver.) 
Mw 
(mm) (mm) (mm) 
1.605 4.536 2.756 71.696 91 9 500 
1.284 3.559 2.216 71.607 94,000 
1.284 3.476 2.209 71.601 96 9 000 
1.284 3.896 1.245 71.773 98 9 000 
0.963 2.654 1.665 71.451 959000 
0.642 1.873 1.250 71.769 100 9 500 
0.642 1.932 1.226 71.650 96,000 
* - carried out at 5227 rpm. 
These results show:- 
i) c0 values do not decrease, and are proportional to 
the initial concentration of the pectin. 
dc 
i mid values are constant, and are also proportional 
to the initial pectin concentration. 
r mid values are approximately constant. 
A plot of Mw vs. c (graph 5.1) 9 shows only a slight 
dependence on concentration. 
at c = 0 is 106,000. 
From the graph, the Mw value 
v) The Mw values calculated at 7447 rpm and 5227 rpm 
are approximately the same. 
Rqfi _4eH 5.1 
RAP OF t1.j vs. C FOR SuNpcIT 	- 
fit 




















This procedure was repeated for four concentratiOfl8 of 
Blend 4. 
Results 	Concentration 2.13 mgml 
dc c0(mm2) 	 mid (toni) 	r mid (mm) 
6.278 	 3.609 	 71.461 
6.055 3.610 71.464 
6.313 	 3.600 	 710461 
6.117 3.619 71.462 
5.940 	 3.628 	 71.459 
c (aver.) = 6.141 mm2 	dr
dc 
 mid (aver.) = 
r mid (aver.) 
	
3.613 mm 	71.461 mm 
Mw = 89,000 
Concentration 1.69 mgm1 
c0(rnm2) 	dc mid (mm) 	r 
mid (mm) 
5.040 2.800 71.420 
4.853 2.798 71.422 
4.901 2.830 71.418 
4.998 2.822 71.416 
4.976 2.815 71.419 
c0 (aver.) = dc mid (aver.) = r mid (aver.) = 
4.954 mm2 2.813 mm 86.000 mm 
Mw = 86,000 
Concentration 1.27 mgml 
c0(mm2) 	dc mid (mm) 	r mid (mm) 
3.859 	 2.160 	 71.386 
3.796 2.141 71.363 
3.809 	 2.210 	 71.382 
3.849 2.255 71.402 
3.805 	 2.202 	 71.397 
de 	 r mid (aver.) = c0 (aver.) = 	mid (aver.) = 
3.824 mm2 2.194 mm 	 71.386 mm 
Rw = 87,000 
Concentration 0.85 mgml 














mid (aver.) - 
1.439 mm 



















Again the dependence of Mw on c is very slight indeed, 
it is within the eq)erimenta1 error for this sample. The 
average value of Mw is 87,000. 
Sample S5 
Results 	Concentration 2.103 mgml 
c0(mm2) 	mid (mm) 	r mid (mm) 
7.144 	3.133 	 71.413 
7.103 3.104 71.407 
6.998 	3.082 	 71.407 
7.023 3.052 71.406 
7.164 	3.031 	 71.409 
dc c0(aver.) = 	mid (aver.) = 
7.086 mm2 3.080 mm 
Mw = 66,000 
r mid (aver.) = 
71.408 mm 
Concentration 1.68 mgm1' 






















r mid (aver.) 
71.450 mm 
Mw = 66,500 
Concentration 1.26 mgm1 
dc c0(mnm2) 	 mid (mm) r mid (mm) 
	
4.624 	 2.117 	 71.440 
4.598 2.140 71.450 
4.615 	 2.046 	 71.433 
4.610 2.040 71.430 
dc 
c0 (aver.) = 	 mid (aver.) = r mid (aver.) = 
4.612 mm2 	2.086  mm 	71.438 mm 
Iw = 68,500 
Concentration 0.84 mgm1 












3.221 1.430 71.557 
c 	 dc 0(aver.) 	 mid (aver.) = r mid (aver.) = 
3.160 mm2 	1.504 mm 	71.546 mm 
1w = 729000 
Concentration 1.96 mgmf 1 















Concentration (mgin1) 	Mw 
2.103 66 9 000 
1.68 66 9 500 
1.26 68,500 
0.84 72000 
Here, as with Blend 4, there is no obious dependence 
of Mw on concentration. The average value is 68 9 500. 
Polygalacturonic Acid (Sur3kist) 
The buffer used for this sample was KH2PO4 and 
K2HPO4 (0.025 M) i.e. similar to the normal buffer, but minus 
NaC1 to ensure so1ubiliiy. The Mw values were determined 
for four concentrations in the range 2.35 mgm1 to 1.18 mgmC 1 . 
Results 
Concentration 2.35 mgmi 














mid (aver.) = 
3.215 mm 





71 • 536 
r mid (aver.) = 
71.514 mm 
c 	 dc 0 (aver.) = 	mid (aver.) = 	r mid (aver.) = 
8.151 mm2 - 2.906 mm 	71.378 mm 
Mw = 54,000 
TZZ 
Concentration 1.57 mgm].' 
c0(xnm2) 	dc mid (mm) 	r mid (mm) 
6.434 	 2.186 	 71.450 
6.636 2.169 71.448 
c0 (aver.) = 	dc mid (aver.) = 	r mid (aver.) = 
6.535 mm2 	2.178 mm 71.449 mm 
Rw = 50,500 
Concentration 1.18 mgm1 
c (m 0 2) 	 dc 	 r mid (mm) a mid (mm)  
4.936 1.703 71.500 
4.897 1.650 71.463 
4.892 1.687 71.430 
4.945 1.728 71.431 
dc c0 (aver.) = mid (aver.) = r mid (aver.) = 
4.918 mm2 1.692 mm 71.456 mm 
Mw = 52 9 000 
Summary 
Concentration (mgni1) Mw 
	
2.35 	 51 9 000 
1.96 54,000 
1.57 	 50 9 500 
1.18 52,000 
Mw (aver.) = 52,000 
It must be noted, that in calculating the Mw value for 
this sample it was assumed that the partial specific volume 
() was similar to that for the pectins, and the density 
value for the two buffers was also similar. The value was 
not determined for polygalacturonic acid, so it was taken to 
be that for pectin. In the case of the density values, the 
density of the buffer used for polygalacturonic acid will be 
less than that of the standard phosphate buffer because of 
the absence of NaCl. If the two density values are compared, 
the change in (1-p 0 ) can be calculated, and also the 
change in p1w. 
Density of buffer (including NaCl) 4 1.010 gml 
	
Assumed density of buffer (minus NaCl) 	0.997 gml (i.e. 
taken as equal to the density of water). 
The decrease is approximately 1.3%9 which would give 
an increase of approximately 2.5% in (1-p0 ), i.e. the Mw 
value should be decreased by approximately 2.50/6. 
Summary of the Mw values. 
1) For Blend 4, S5 , and Sunkist, the c 0 and dc values are dr 
proportional to the initial solute concentration. (These 
samples also passed completely through the millipore ultra-
filter). 
ii) Apart from the Sunkist sample, there is no dependence of 
Mw on c (concentration). 
Mw values compared to Mn values 
Apparent weight average molecular weights (Mw) can now 
be compared to number average molecular weights (Mn) from the 
Knauer electronic membrane osmometer (see Chapter 6). 
Sample 	 Mw 	Mn 
S5 68,500 29000 2.34 
Blend 4 87000 3800 2.27 
Sunk.tst 106,000 52 9 700 2.01 
Genu * 999000 34,900 2383 
Polygalacturonic acid 	52 9 000 8 9 000 6.5 
' This value was calculated for only one concentration, and 
it has been shown that the sample contains approximately 
4-5% slime. 
For homogeneous samples 1!w w Thi. These results 
show that, as expected from the method of manufacture, the 
pectin samples are heterogeneous. 
Heterogeneity of the Pectin samples 
The fact that the pectin samples are heterogeneous 
and that a "microgel" (which was assumed to be of higher 
molecular weight) was found to be present in some of the 
samples, suggests the possibility of a very high molecular 
weight material being present. This material was detected 
for several samples (see Chapter 4) in the form of a "slime", 
using the ultrafilter, whereas in the case of other samples 
there was no evidence for this "slime". It is therefore 
possible that these pectin samples still contain very high 
molecular weight material (several millions), which cannot be 
removed using the ultrafilter. 
If there was a small percentage of this material present, 
it would probably be sedimented quickly to the bottom of the 
cell, and its high molecular weight would not be included in 
the average value found. 
Several idealised model systems were therefore considered 
and their concentration distributions calculated using the 
equation mentioned in Van Holde and Baldwin (28). This 
equation, for the concentration as a function of position and 
time, is 
T (t)[sinmiiy+ 2iimctcosmrry] 
c(y,t)/c0 = a(e1"-l) + e 2°m=l m 
At infinite time (which would be a similar state as equilibrium), 
the equation reduces to. 
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e 
c() -  
Co 	
- 	 cL(-l) 
r-a 	 RT 
where, y = b-a ' M(1_ p )w2 (iP)(b_a) 
a and b are the distances from the centre of rotation to the 
meniscus, and the base of the solution, 
r-a Is the distance from the meniscus to the point r, 
and b-a is the length of the solution column. 
The concentrations can therefore be readily calculated 
over the total length of the óolumn (in this case 1 mm). This 
was done for four homogeneous molecular weights, 90 9 000, 
380 9 000 9 45,000 and 1.8 million. 
Concentrations were calculated at 0.1 mm Intervals 
across the length of the cell, and graphs were plotted for 
each molecular weight. 
Concentrations are calôulated in the following way. 
At eternity 
c(v) 	_____ . 	r-a 	 RT a. 
c0 a('al) ' b-a = M(1 p ) w2 ()(b_a) . 
If R (gas constant) = 8.314 x 10; T (absolute tnp.) = 293°K; 
M (molecular weight) = 90 9 000; 	p (product of partial 
specific volume of pectin and density of buffer) = 0.63; 
w3 (speed in radians per sec.) = 60.86 x 10; 
b+a 
-r A 7.14 cm; b-a .1 cm. 
.. a = 1.683 and 	= 0.594. OL 
• 1/a = .594 
•'. logZ = .594 
•. e' = Z = 1.811 
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Also e1 '2ct = e' 297 = 1.346 




M -94= 1.1.0 c0 = 0.732 c0 
l'2ct 
At y = ; c(m) = 
eh
C0 = 1.346 x 0.732 co  = 0.985 co  
el' 
c = 1.811 x 0.732 C0 = 1.326 c0 At y = 1; c(b) = a(e-1) 0 
The other points, y = 0.1 9 y = 0.2, y = 0.39 y = 0.49 
y = 0.6 9 y = 0.7, y = 0.8 and y =. 0.9 were calculated in a 
similar mariner. 
This was repeated for the other molecular weights, 
1.8 million, 180 0 000 0 and 45 9 000 9 the 1/ct values being 
20 x 0.594, 2 x 0.594 and * x 0.594 respectively. 
A graph of concentration x c 0 vs. distance (inn) 
(Graph 5.2) was drawn for each molecular weight. For 45 0 0009 
and 90 9 000 9 the concentration at the mid-point is c 0, but for 
the 180 9 000 case, the concentration at the mid-point is 
0.94 c0, and for the 1.8 million case it is as low as 
0.03 c0. This means that at a speed of 7447 rpm, only 
molecular weights less than 180,000 will be included in the 
co  value. Any molecular weights of 1.8 
million will 
certainly not be included. 
The concentration x c 0 values for two combinations of 
these molecular weights (90 0 000 9 45 9 000, 180,000 and 90 9 000 9 
45,000 1,800,000) were calculated at the points 0.4 mm, 0.5 mm 
and 0.6 mm. The values were combined equally, and the 
average taken. Graph 5.3 shows the resulting values. In 
the 90,000 9 45,000 and 1.8 million case the concentration 
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value at the mid-point is 0.65 c0, this being due to the 
1.8 million molecular weight not being included. Only the 
90,000 and 45,000 will be present at the mid-point, i.e. 
approximately * of the initial concentration. In the other 
case (90,000, 45,000 and 180,000), the concentration value 
at the mid-point is 0.98 c 0, which is the average value for 
the three individual graphs shon in Fig. 5.2. 
If the speed is reduced, the higher molecular weight 
material, (if present), would be included in the concentration 
at the mid-point. 
Consider the equation, 
RT 	 (this chapter, P. 91) 
M(14p)w2 () (b-a) 
If 	RT 
(1-vp) 	(b-a) 
•  .. a. = K. 1M Va 
is constant (K), 
At approximately 7000 rpm, molecular weights less than 
180,000 were included in the concentration at the mid-point, 
(i.e. M inclu4ed4 w values less than 180,000). 
At 7000 rpm: a. = K M.  lOOO 
At 5000 rpm. 	K = M. 50002 
Therefore at 5000 rpm, molecular weights less than (g)2 x M, 
I • e. approximately 2 x 180 9 000 9 will be included. 
7000 Also at 2000 rpm, molecular weights less than ()a  x M, 
i.e. approximately 12 x 180,000 9 will be included. 
To test this possibility of high molecular weight 
material being present, the apparent molecular weights for a 
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Sunkist sample were determined at variøus speeds. Previous 
results for this sample (pages 82 and 83 of this chapter), 
have shown that c o  values were constant at 
7447 rpm and 
5227 rpm. 	c0 was therefore assumed to be constant at the 
various speeds used, and the value taken was 0.390 mm2 . 
A stock solution of 1.284 mgmf (Sunkist) was prepared 
using the normal phosphate buffer, and dialysed overnight 
(at 200 against this buffer. A short-column equilibrium 
sedimentation run at 2529 rpm was carried out for this 
solution. Photographs were taken after approximately 17 hours 
(i.e. overnight), after which time equilibrium had been 
attained (see this Chapter, p. 80). The rotor was then 
accelerated to 4063 rpm, and the procedure repeated. The 
values for 4 (mid)' and r mid (mm), were determined for each 
speed in this way. 
Results 
Speed 12469 rpm 







Average = 5.044 mm 
dc 





Average = 2.700 mm 





Average = 71.399 mm 














Average = 1.641 mm 





Average = 1.075mm 





Average = 0.509 mm 
Summary 





Average = .1409 mm 





Average = 71.420 mm 





Average = 71.424 mm 
Speed (rpm) 4 w2x10 
RT 





x 10 (aver.) 
12469 170.6 0.3859 3.90 5.044 71.399 70,000 
7447 60.86 1.0818 3.90 2.700 71.408 105,000 
5218 29.88 2.203 3.90 1.641 71.412 130 9 000 
4063 18.12 3.633 3.90 1.075 71.420 140 9 000 
2529 7.02 9.379 3.90 0.509 71.424 171 9 500 
(assumed) 
The Mw values at the lower speeds are higher, and would 
suggest the presence of high molecular weight material. 
The experiment was repeated for another 1.284 mgm1 
sample which had been filtered using the millipore ultrafilter. 
There was no evidence of slime after the filtering. 
Results 
Speed 12577 rpm 
dc 
a 	mid (mm) r mid (mm) 
4.174 71.343 
4.210 71. 343 
4.237 71.331 
4.292 71.364 
Average = 4.228 mm 	Average 71.345 mm 





Average = 2.293 mm 	Average = 71.382 mm 
Speed 5219 rpm dc mid (mm) IE





Average = 1.327 mm 	Average = 	71.372 
Speed 4056 rpm dc mid (mm) 




0.857 71. 377 
Average = 0.850 mm 	Average = 71.382 mm 
Speed 2531 rpm dc mid (mm) 





Average = 	0.345 mm 	Average = 71.378 mm 
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Summary 
Speed w2 X 104 RT dc r mid co  Mw (rpm) (radians (ip)U) dr mid  (aver.) (aver.) (assumed) 
sec 	) 
2531 7.03 9.365 0.345 71.378 3.90 116 9 000 
4056 18.06 3.646 0.850 71.382 3.90 111,500 
5219 29.89 2.203 1.372 71.372 3.90 108,500 
7445 60.83 1.082 2.293 71.382 3.90 89,000 
12577 173.6 0.3793 4.228 71.345 3.90 57,500 
The results from the two experiments are now compared. 
Speed (rpm) 	W x 104 	Mw 	 x 19 Mw 
2531 7.03 116 9 000 0.862 
2529 7.02 171,500 0.583 
' 4056 18.06 115 9 500 0.866 
4063 18.12 140 9 000 0.714. 
*5219 ' 29.89 108,500 0.922 
5218 29.88 130,000 ' 	 0.769 
7445 60.83 ' 	 89 9 000 1.12 
7447 60.86 105,000 0.952 
12577 173.6 57 9 500 1.74 
12469 170.6 70 9 000 1.43 
= results from the filtered sample. 
The filtered Mw values are all smaller than the 
unfiltered values. The ultrafilter has therefore removed 
some high molecular weight material, and the refractometer 
has been unable to detect this. 
Plots of Mw vs. W were made for these results 
(Graph 5.4). A linear relationship was obtained in both cases, 
and the extrapolated molecular- weights are, 
Filtered Sunkist - w(w=0) = 128,000 
Unfiltered Surikist - w(uv=0) = 161 9 000 
From Graph 5.4 the weight average molecular weight 
at 7447 rpm is only slightly less than the value at 2530 rpm. 
The difference is only a few thousand, not several millions. 
Therefore the percentage of very high molecular weight 
material present in this sample must only be very small. 
The short column method has therefore proved 
successful for the determination of the weight average 
molecular weights of the selected pectin samples, the only 
unfortunate aspect being the neglect of the very high 
molecular weight tail, when present. 
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The two osmometers used to determine number average 
molecular weight values (r4n), have been described in Chapter 2 
section d. The Hewlett Packard instrument was successful 
with a non-aqueous system, but gavO a low 7Jn value for an 
aqueous system. The Knauer Osmometer proved successful 
with an aqueous system. Both were tried with pectin. 
Hewlett Packard Osmometer 
Using the Hewlett Packard Osmometer, a 1.802 mgml 1 
(originally 2.0 mginl air dry weight) solution of sample PB17 
in normal phosphate buffer, was examined. 	The temperature 










17.40 9 17.37 
17.60 9 17.59 
17.78 9 17.80 
18.16, 18.18 
The results were reproducible, but for the more 
concentrated solutions (1.0 and 1.4 mgm1), a period of 
approximately 1* hours was required before equilibrium was 
established. For the polystyrene sample (Chapter 2 
Section d) equilibrium was established after 10 minutes. 
After the reading for the 1.4 mgml solutions had 
been recorded, the solvent reading was re-determined. This 
was much higher than the previous value (17.96 cm Cf. 17.19 cm), 
and when the 0.4 mgml solution was repeated, the instrument 
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gave eratic results and an equilibrium value could not be 
established. The problem appeared to be due to air bubbles 
in the capillary tube. Extensive attempts were made to 
solve this problem, by degassing the solvent and the 
solutions, and using a capillary tube with a larger bore. 
These all proved unsuccessful, and work on the machine was 
discontinued. 
Knauer Osinometer 
This osmometer was much simpler in design, and was 
easier to fill. This facility, however, was at the ecpense 
of versatility with regard to solvent. A change of solvent 
meant dismantling the instrument, and starting again with a 
fresh membrane. The new membrane then had to be allowed to 
stabilise under the pressure which kept it in place, which 
usually meant leaving it overnight. 
The number average molecular weights (i!n) were determined 
for sfveral selected pectins at 30 °C. The solvent used was 
the normal phosphate buffer (see Chapter 2, Section e). The 
density of the buffer was found by weighing a known volume. 
The value was 1.009 gml at 30
0C. For the calculation of 
gn values using this buffer, 1n was equal to 
254620•0/(Th/C) c... 
A stock solution of each pectin was prepared, and 
dialysed against buffer. The dialysate was used in each 
case to dilute these stock solutions, to give a series of 
known pectin concentrations. 
Results 
in values were calculated for the following pectin 
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samples, Sunkist, Genu, Blend 4 9 PB17, S, and S5 . 
Sunkist. Three stock solutions were prepared, and dialysed 
separately against buffer, for this sample. The 1n values 
were then determined for each solution. 
Solution (1) 
c(concentration mgml 1 ) 	rr(mm) 	ri/c 
	
1.34 	 7.5 	5.60 
2.01 11.5 5.72 
2.68 	 16.0 	5.97 
3.93 2505 6.49 
(ri/c) 	= 5.03; 	i1n = 50,500 
Solution (2) 
c (mgml) rr(mm) ri/c 
1.28 8.0 6.25 
1.93 13.5 7.00 
2.57 19.5 7.59 
3.85 32.5 8.44 
(ri/c).., = 4.90; 	1.in = 52 9 000 
Solution (3) 
c (mgml) ri(mm) ri/c 
1.28 7.0 5.47 
1.93 10.5 5.44 
2.57 15.5 6.03 
3.85 26.0 6.75 
(ri/C)c 	= 4.60; 	in = 55 9 500 
These in values are within experimental error. 	The 
average value is 52,500. 
Ge. Only one stock solution was prepared for this sample, 
and the i7in value determined. 
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c(mgml 1 ) rr(mm) it/c 
1.20 9.0 7.50 
1.80 12.8 7.10 
2.40 18.5 7.71 
3.60 28.5 7.92 
(ir/c).., = 7.30; Mn = 35,000 
Blend 4. Two stock solutions, 5.07 mgm1 (originally 
6.0 mgmf 1 air dry weight), were prepared, and dialysed 
separately. The Mn values were determined for both. 
Solution (i) 
c(mgm1) 	ir(mm) 	it/c 
	
1.69 	 12.0 	7.10 
2.54 18.3 7.20 
3.38 	 25.0 	7.40 
5.07 40.0 7.89 
(1T/c), = 6.75; 	Mn = 37,500. 
Solution (2) 
c(mgm1) 	TT(mm) 	rr/c 
1.69 	 12.0 	7.10 
2.54 18.5 7.28 
3.38 	 26.0 	7.69 
5.07 40.0 7.89 
(rr/c), 10 = 6.55; 	Mn = 39 9 000. 
These values of Mn are consistent, Mn (aver.) being 
taken as 38,000. 
PB17. A double strength solution (10.82 mgml), was 
prepared using distilled water. It was then heated for 
15 minutes at 90°C, cooled, then double strength buffer added, 
to give a 5.41 mgm1 solution. This solution was cLialysed 
overnight against buffer at 2 °C, then passed through the ultra-. 
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filter. There did not appear to be any 'slime' left on the 
filter, and the refractive index differences, before and 
after filtering, were similar. The 1n value was then 
calculated for this filtered solution. 










Rn = 45,500. 
Sample S1. This sample was prepared in the normal way with 
buffer, then dialysed against buffer. The sample was 
filtered, and the refractive index differences, before and 
after filtering, showed a decrease of approximately 30%. 
Although there was this 3% decrease in (fractive index 
differences, the concentration was taken as the initial value. 










Mn = 39,000. 
Sample S5 . 	This pectin sample was prepared in the normal 
manner, using buffer. 
c(mgml) 	rr(mln) 	it/c 
	
1.68 	 16.5 	9.82 
2.52 25.5 10.10 
3.36 	 35.0 	10.40 
5.05 58.0 11.49 










These samples were filtered using the ultrafilter. 
Polygalacturonic acid. 	The Pin value was also determined 
for polygalacturonic acid. The buffer used for this sample 
does not contain NaCl, so the instrument was dismantled, 
and the procedure repeated, using a different membrane. 
c(mgml) 	ir(mm) 	il/c 
	
1.18 	 40.0 	33.9 
1.18 	 41.0 	34.7 ) 







(1T/c)., = 32.0; 
	
Pin = 8 9 000.: 
The pressure readings remained stable after approximately 
10 minutes, showing that molecular weights as low as 8,000 
can be measured using this instrument. 
The Knauer Osmometer, therefore, unlike the Hewlett 
Packard instrument, is most suitable for studying pectin 
molecular weights. The membranes currently supplied with 
the instrument appear to retain pectic materials down to about 
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8,000 molecular weight, at least. It is unlikely that lower 
components are present, since all pectins are purified 
during manufacture by precipitation, so that each number 
average molecular weight most probably includes all the low 
molecular weight tail present in the sample. 
CHAPTER 7 
VISCOMETRIC STUDIES 
The techniques used in this chapter have been described 
in Chapter 2, Section e. The results can be divided into 
two sections. Section A deals with absolute viscosity values 
obtained from the Couette and the Ubbelohde viscometers, for 
sample PB17 (re—precipitated). Section B involves the 
determination of limiting viscosity numbers for the following 
selected samples, Genu, Blend 4, Sunkist, Polygalacturonic 
acid, S 5.'and 205. 
Section A. 
A stock solution of sample PB17 (1.802 mgm1 - 
originally 2.0 mgm1 air dry weight) was prepared, and 
dialysed against phosphate buffer. The absolute viscosities 
over a wide range of 5 (sec), were then determined, using 
the Couette Viscometer, for five different concentrations of 
this sample, plus the buffer. 
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Re suits 

































(aver.) = 22.27 milhipoise 

















rI(aver.) 18.71 mihlipoise 
Concentration 1.150 mgm1 

















i 	(aver.) = 16.20 millipoise 
Concentration 0.9226 mgm1 















T1( aver.) = 14.45 millipoise 
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Concentration 0.7381 mgm1 Solvent 
(sec) i 	(millipoise) (sec 1 ) r (millipoise) 
1.24 12.73 0.96 9.20 
1.81 12.68 2.22 9.06 
2.70 12.73 3.60 8.89 
3.61 12.74 5.36 8.93 
4.76 12.95 6.49 9.12 
5.31 12.98 14.07 9.07 
8.93 13.11 21.82 9.06 
19.73 13.32 34.09 9.05 
23.23 13.26 39.69 9.02 
28.74 13.30 44.39 8.85 




ri(aver.) = 13.07 milhipoise. 
= average rate of shear in sec] 
The viscosity values are constant for these concen-
trations over the range of shear rates available. 
The Ubbelohde viscometer was now used to determine 
absolute viscosities for a similar range of concentrations 
of sample PB17 (re-precipitated). 
These absolute viscosities were found in the following 
way. 
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The absolute viscosity of water, (fl) A p 0 t 0 
and the absolute viscosity for a pectin solution, () = A p t, 
providing that there is a negligible kinetic energy correction 
(see chapter 2 9 section e). 
Combining the two equations, , = t x 	x 
i.e. the absolute viscosity of a pectin solution 
Time of flow of solution(sec) Density of solution Absolute 
Time of flow of water (sec) 
X Density of water 	viscosity 
of water 
where, the absolute viscosity of water = 8.95 millipoise (at 250C) 
the density of water = 0.997 mlg (at 250C) 
and the flow time for water = 193.77 secs. 
Thecbnsity of each solution was required because of'the 
different pressure heads causing flow in the vertical capillary. 
The method used for determining densities was by simply 
weighing a known volume of solution (50 mis), at 25°C. The 
densities of water, buffer, and a 1.802 mgml solution were 
determined in this manner. 
Results. 
Density of water = 0.995 m1g IFrom Inter2lational Critical -1 
Tables, the value is 0.997 mlg J 
Density of buffer = 1.009 m1g 1 
Density of 1.802 mgml solution = 1.001 mlg 
A graph of density against concentration was labelled. 
The two points, solvent and solution, were plotted, and a 
straight line drawn between them. The densities of the other 
solutions were then read off from this graph. The density 



















Absolute viscosity results from the tJbbelohde viscometer. 









The results from the two instruments can now be compared. 
IJbbelohde Viscometer 
(Vol.av.rate of shear = 1 
1200 sec ) 
Concentration Absolute 







It is clear from these results that even allowing for 
slight differences in concentration, the viscosity of this 
pectin sample does not exhibit any dependence on the average 
rate of shear, over a very wide range. The capillary 
viscometer can therefore be used for the determination of 
viscosities, for the pectin samples. 
Section B 
The limiting viscosity numbers, given by the intercept 
at c = o, on plots of ,/c against c, were obtained for six 
pectin samples. In two instances the solutions were put 













through the millipore ultrafilter, and the viscosities re-
determined. Sample S5 passed through completely, as judged 
by the lack of change in refractive index, and the 
concentration was presumed to be unchanged. The 205 sample 
contained slime (perhaps as much as 10%) and the concentrations 
used in subsequent viscosities w are based on refractometer 
readings (e.g. if the refractive increment fell 10% on 
passing through the ultrafilter, then the pectin concentration 
was taken as also falling 10%). 
In the following results I is the specific viscosity,
SP 
and c is the concentration in mgml. 
Results 
Sample - Genu 







= 472.0 mlg [] = 433.0 mlg 
Sample - Sunkist 	 Sample - Polygalacturonic Acid 
Concentration 	T1 Ic (mlg) Concentration r /c (mlg)SP 
(mgml) 	 (mgml) 
0.2140 518.2 0.2613 80.69 
0.3668 536.9 0.4480 84.08 
0.4815 552.2 0.5880 85.47 
0.5707 562.9 0.6969 87.41 












= 433.0 mlg 
Sample 205 
Filtered 





[ri] = 394.0 mlg 
Summary of Results. 
Sample 	 [I] inlg 1 
Genu 472.0 
Blend 4 433.0 
Sunkist 491.5 










= 438.0 mlg 
Unfiltered 





0.6818 	 469.0 
0.8080 47709 
[in] = 410.0 mlg 
[] mlg (after filtering) 
433.0 
394.0 
The results for sample 205 show that the filtered 
solution was different in viscosity. The 1% drop for S5 
could be due to a 196 loss on filtration, which could not be 
detected by the refractometer. Samples Genu, Blend 4 9 and 




In this thesis, number ayerage (sn) and weight average 
(sw) molecular weights have been determined for several pectin 
samples. The techniques used have only been perfected in 
the past few years, and the results obtained for these complex 
pectin samples, have proved the accuracy and reproducibility 
of the techniques. 
Number average molecular weights (un) were determined 
using the Knauer Electronic Membrane Osmorneter (see Chapter 6). 
This osmometer has been mainly used in the medical field, but 
in the present study, Rn values have been obtained successfully 
for pectin samples, ranging from 30,000 - 53,000. The membrane 
also retained its fast response after the Rn values for several 
samples had been determined (i.e. after 3 days). 
The Analytical Ultracentrifuge was used to determine 
weight average molecular weights (Mw), using the short—column 
equilibrium sedimentation technique (see Chapter 2 9 section a, 
and Chapter 5). This technique was extended successfully to 
the determination of Mw values for pectin. 
Limiting viscosity numbers [rF] were also determined 
for these pectin samples usin g the Ubbelohde viscometer (see 
Chapter 2 section e and Chapter 7). These [] values were 
used to calculate molecular weights using the formulae of 
Sverborn (8) and Christensen (44). In each case the 
Staudinger molecular weight relation was assumed (21). This 
relation is [ri] = K 	which was proposed by Staudinger 
following observations on the behaviour of cellulose and 
its derivatives, which are neutral linear polymers. It has 
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shown to be unsuccessful for the majority of synthetic 
polymers, therefore there must be doubt about its use for 
charged polymers. 
The calculated molecular weights (using [i'] values) 
can be compared with the actual values from osmometry and 
u].tracentrifugation. (Note, the [r] values are given using 
the concentration in weight per cent, and not mgm1, 
following Sverborn). 
Results 
Sanipi e 	I 	C N 	 N 
(Sverborn) (Christensen) (Ultra- 	(Osmometer) 
centrifuge) 
S5 4.380 80,000 939000 68 9 500 299500 
Blend 4 4.330 79 9 000 92 9 000 87 9 000 38 9 500 
Sunkist 4.915 90 9 000 104,500 106 9 000 52 9 500 
Genu 4.720 86,500 100,500 99 9 000* 35,000 
Polygalact-
uronic 
acid 	0.767 	14,000 	16,500 	529 000 	89 000 
' Only calculated for one concentration. 
Christensen's formula was ,- = 4.7 x 10 5M, and the 
constant of proportionality was thought, by him, to be a 
reasonable figure, though no reasons were given for the choice. 
Sverborn, from his experimental results, suggested 
that the constant was about 1 x lO x ni, where m was the 
average weight of the repeat unit in the polymer. The value 
chosen for m was 183, which corresponds to an average degree 
of esterification of 70%, in the absence of neutral sugars. 
(i.e. pectin was treated as a partial ester of polygalacturonic 
acid). 
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It is clear from the above results, that the molecular 
weight values calculated using the [i -i] values, and the 
formulae of Sáverborn and Christensen, do not give values 
which agree with the Mw values from the Ultracentrifuge. 
The formulae of Christensen and Sverborn are therefore 
inadequate for the pectin samples used in this work. 
There is also no obvious relationship between the 
[,] values, and the Mw values calculated using the Ultra- 
centrifuge. If samples S5 and Blend 4 are taken, the higher 
value of [ri] for S5 would suggest a higher value of Mw, but 
this is not the case. 
This comparison therefore shows the inadequacy of 
using viscosity values for the determination of molecular 
weights, and using IC values (in the Staudinger equation), 
from other peoples work on different pectin samples. 
When considering the above Mn and Mw values, the 
following point must be remembered. Each number average 
molecular weight most probably includes all the low molecular 
weight tail present in the sample, but, as was shown for 
the Sunkist sample, the Mw value does not include the very 
high molecular weight tail. 
Also, from the above results, it is clear that [i] is 
not related to Mn. The reason being that, in viscometry 
almost all the molecular weight range is included, and there-
fore [] will be more related to the high molecular weight 
material, i.e. to the weight average molecular weight. 
Whereas in osmometry, all the low molecular weight material 
is included, and therefore Mn values are low. 
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K values 
The K values were calculated for samples S5 , Blend 4, 
Sunkist, and Genu, using the [r] and Mw values obtained 
from viscometry (Chapter 7), and Ultracentrifugation (Chapter 
5), respectively. 
Re suits 
Sample [J mlg 1 w 	K x iO Degree of *% Galactur- 
Esterifi- onic acid 
cation on dry 
weight 
S5 438.0 68,500 64 42 91 
Blend 4 433.0 87 9 000 5.0 74.3 76.6 
Sunkist 491.5 104 9 500 4.7 68.3 80.4 
Genu 472.0 100,500 4.7 69.0 82.4 
These values are taken from Chapter 2 section c. 
The K values for Blend 49 Sunkist, and Genu are within 
experimental error, but the value for S 5 is different. It 
must also be noted that the Degree of esterification, and the 
percentage galacturonic acid values for Blend 4, Sunkist, and 
Genu, are approximately similar, but differ for sample S5 . 
This work therefore opens the way for the determination 
of K values for pectin samples with different [J values, 
i.e. fractionating pectin samples, and obtaining the [r] 




In Chapter 4, the pectin samples examined appeared to 
have different refractive index differences (before ultra-
filtration), for similar concentrations. 
If the Surikist and Blend 4 samples are taken, the 
results are as follows. 
Sample 	Concentration (mgml) Ad 	Ad(at 1 mgml) 
(actual weight) 
Surikist 	 3.21 	 0.212 	.066 
Blend 4 4.23 	 0.315 	.074 
These results show that, at a similar concentration 
(1 mgml 4), the refractive index difference values vary. 
An exploritory survey was therefore carried out, using 
model systems to see whether this variation was readily 
explicable. 
Sucrose. 	A series of sucrose solutions were first examined, 
to give a reference point, and to check the calibration of 
the refractometer, since very precise refractive indices are 
known. 
Results 
Concentration (ginl 1 ) Ad (from Ad (from k(An = kAd) 
instrument) tables) 
0.02031 1.385 0.002909 0.002100 
0.03030 2.102 0.004344 0.002066 
0.04062 2.813 0.005926 0.00200 
0.05078 3.513 0.007310 0.002081 
Average k value = 0.002079 
c.f. k value from KC1 = 0.002052 
The k values for the two calibration compounds agree 
reasonably well. 
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D (+) galactose. This was selected because D (+) galactose 
is one of the neutral sugars present in pectin samples, and 
it is a monosaccharide, whereas sucrose is a disaccharide. 
A 0.0303 gml solution was prepared using water as 
solvent, and the refractive index difference, Ad, noted. 
Result 	Ad = 2.06 
This value is only slightly less than the sucrose value 
at the same concentration (i.e. 2.10). 
Galacturonic Acid. This sample was now tried, to see if the 
acidic group makes any difference to the Ad value. A 0.0303 
gml solution was prepared using distilled water. 
Result 	Ad = 1.94 
This is a slight, but significant, decrease from the 
previous values for sucrose and D (+) galactose (2.10 and 
2.06 respectively). Therefore the presence of the acidic 
group, or some other factor, has reduced the Ad value. 
Polygalacturonic Acid. The refractive index difference for 
polygalacturonic acid was measured, to see if combining the 
monomer units had any effect. 
For this sample the solvent used was low ionic strength 
phosphate buffer (i.e. 0.025 14 KH 2PO4 and 0.025 M Na 2HPO4). 
A 1.57 mgml (actual weight) solution was prepared using 
this buffer, and then dialysed overnight against this buffer. 
Result 	Ad (1.57 mgrnl) = 0.136 
.. Ad (at 0.0303 f 1 ) = 2.62 
This is much higher than the three previous compounds, even 
allowing for an assumed moisture content of approximately 5% 
in each case. 
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Two points must be noted about polygalacturonic acid. 
Firstly, it does not dissolve in the usual phosphate buffer, 
and secondly, it does not contain any neutral sugars. 
]Je-esterified Sunkist pectin sample 
A Sunkist pectin sample (not dialysed), and a de-
esterified sample (d.talysed), were examined to see if the 
methyl groups, or the neutral sugars, affected the Ad values. 
Method. A 1.284 mgmi (actual weight) solution was prepared 
in distilled water, then 5 mls of 0.1 N NaOH were added. 
After 30 minutes, 5 mis of 0.1 N HC1 were added. The blank 
was made by adding 10 ml of water to a 1.284 mgml solution, 
instead of acid and alkali. 	(This blank was not dialysed). 
The final pectin concentration in both cases was 0.642 mgml. 
Result Sunkist Pectin 
	 Ad = 0.090 
De-esterified Sunkist pectin Ad = 0.094. 
From these results it would appear that, neither the 
methoxyl groups, nor the neutral sugars, affect the Ad values. 
The slight difference between the two readings, could be due 
to buffer salts being present in the de-esterified solution. 
This exploratory survey shows that polygalacturonic 
acid (minus neutral sugars) has a higher Ad value than 
galacturonic acid, and D (+) galactose. Also the presence 
of methyl groups, or neutral sugars, probably does not affect 
the Ad values. 
One of the main problems with this survey is that, the 
proportions of the constituents making up each pectin sample 
are unknown. Obviously these proportions will vary from 
sample to sample, and may result in different Ad values. 
This survey only shows the extent of the problem, and 
further work is necessary. 
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